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 Abstract 
Plants must integrate a complex array of internal and external signals to optimise their 
growth in changing environments. The ability to modulate developmental responses to 
varying conditions allows them to rapidly adapt to short and long term changes in 
nutrient availability. In particular, the root system shows remarkable plasticity and can 
change its overall architecture to maximise nutrient uptake. Understanding how this 
plasticity is regulated could enable development of crops that are better suited to their 
environment and help mitigate problems associated with over-use of fertilisers. 
However, our current understanding of how environmental information is integrated 
into developmental programs is limited.  
Small regulatory peptides have arisen as important regulators of plant growth and 
development. They are generally thought to be secreted into the apoplast where they 
can interact with receptors on cell surfaces, thereby acting as non-cell autonomous 
signals. The C-TERMINALLY ENCODED PEPTIDE (CEP) gene family, which encodes small 
regulatory peptides, has 15 members in Arabidopsis. This family is characterised by a 
conserved 15 amino acid peptide CEP domain containing several residues which may 
be post-translationally modified. In this thesis, the roles of the CEP peptide family in 
regulating root development in response to environmental stimuli were examined. 
To initiate the study of CEPs in Arabidopsis, the relationships between the 15 genes, 
their protein and peptide products and their expression patterns were explored using 
in silico tools. This formed the basis for experiments examining the expression of CEP 
genes. It was found that CEPs are induced by abiotic stress conditions, particularly 
nitrogen limitation, and their spatial expression is tightly regulated. To gain an 
understanding of the developmental pathways that were affected by CEP mis-
expression, transgenic plants over-expressing CEP genes were examined. It was found 
that CEPs play a significant role in determining root system architecture and also affect 
shoot morphology. Synthetic peptide assays were used to corroborate these results 
and to further examine the importance of the amino acid sequence and post-
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translational modifications of the peptide ligand. After confirming that CEPs are 
negative regulators of primary and lateral root development, CEP3 was chosen for 
further in-depth analyses. 
A cep3 T-DNA insertion mutant was isolated and characterised. It was found that this 
mutant was more resistant to a range of abiotic stresses, including nitrogen limitation. 
The roles of CEP3 in lateral root and primary root development were then examined. 
The effect of CEP3 peptide on lateral root prebranch site formation, founder cell 
specification and lateral root primordia development was examined. This revealed that 
CEP3 reduces lateral root number, probably at the initiation stage. In the primary root, 
excess CEP3 caused a slowing of root growth and smaller root meristem. Reporter 
construct analysis revealed this was due to a perturbation in cell cycle progression. 
Flow cytometry was used to show that CEP3 peptide reduced the number of root tip 
cells in the S phase of the cell cycle, whereas in the cep3 mutant, more cells were in 
this phase.  
Transcriptomic analysis was then used to explore the role of CEP3 in altering growth. 
The results indicated that CEP3 affects the expression of genes involved in nitrogen 
uptake, transport and assimilation, possibly controlling the stress induced nitrate 
allocation to roots (SINAR) response. A model for CEP3 activity was then proposed 
where CEP3 is induced in the roots by low N and is perceived by one or more 
receptors, presumably triggering a signalling cascade that ends in activation or 
repression of specific N uptake, assimilation and allocation genes. Due to the changes 
in expression of these genes, there may be a decrease in nitrate (and nitrogen 
assimilate) in the roots, resulting in decreased supply of resources to the RAM where 
cell cycle progression is consequently affected. The alteration in cell cycle results in 
drastically slowed root growth. This model represents the first description of the 
mode-of-action of any CEP family member in Arabidopsis. 
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The discovery of the role of CEP3 as mediator of root growth and nutrient allocation 
has profound implications for our understanding of plant development and nutrient 
use. If these findings translate to crop species, perturbing CEP3 levels could present an 
exciting avenue for controlling nutrient-distribution and -use efficiency, reducing the 
over-reliance on environmentally taxing fertilisers.     
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 Chapter 1: The economics and politics of Arabidopsis root development 
Part of this chapter has been published in: Delay, C., Imin, N., and Djordjevic, M.A. 
(2013). Regulation of Arabidopsis root development by small signaling peptides. 
Frontiers in Plant Science 4, 352. 
 
Plants, as sessile organisms, face the considerable challenge of acquiring resources 
from their immediate vicinity to sustain growth. In particular, plant roots exhibit 
remarkable plasticity in their ability to adapt and react to their environment. From a 
single embryonic primary root, an entire root network is formed to exploit the 
surrounding soil and maximize plant fitness. Evolution has enabled plants to develop a 
variety of root system architecture (RSA) types to deal with environmental diversity 
and seasonal fluctuations. RSA is tightly controlled to optimise and economise the 
initiation, growth and maintenance of post-embryonic organs to suit the range of 
environmental diversity that is encountered. In each plant family, this process requires 
a myriad of complex and intricate signalling and sensing mechanisms within the root 
that must perceive and respond to both intrinsic and extrinsic factors. The availability 
of nutrients, water and mechanical impedances and presence of toxic compounds are 
just some of the environmental constraints that root systems must contend with and a 
diversity of RSA traits is observed across plant types. Additionally, internal information 
must be coordinated with internal constraints such as the ability to allocate resources 
to sink tissue and to sustain organ initiation, growth and cellular processes. 
Understanding the molecular basis underlying plant economics (sourcing and 
distributing resources) and politics (organised control over decision making to optimise 
welfare) becomes even more important as humanity faces the challenge of feeding a 
growing population with shrinking resources. Climate change and environmental 
deterioration are just two of the significant challenges that must be contended with 
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over the coming years to address food security issues. Selecting plants that are most 
suited to facing sub-optimal conditions is one solution. Over the past two decades, 
significant gains in the understanding of developmental aspects of root systems have 
been made, partially due to the use of the model plant Arabidopsis thaliana. However, 
a firm understanding of how environmental factors are integrated into developmental 
programs is lacking. By leveraging the knowledge and tools gained from the study of 
root development in Arabidopsis, progress in understanding how root systems sense 
and respond to their environment can be made.   
The Arabidopsis root is particularly amenable to the study of developmental systems 
due to its simple, predictable structure (Fig. 1). It consists of a single embryonic 
primary root that emerges from the germinating seed, which gives rise to an entire 
network of lateral roots. The growth engine of the root system is the root apical 
meristem (RAM). The RAM is protected by several layers of cells known as the root 
cap. The fundamental constituent of the RAM is the quiescent centre (QC), a pool of 
infrequently dividing cells that maintain a population of rapidly-diving stem cells 
(Dolan et al., 1993). Stem cells undergo anticlinal and selective periclinal divisions and 
give rise to predictable, defined cell files in the zone of the root termed the 
meristematic zone (MZ). Cells exit the meristematic zone and pass through in the aptly 
named Transition Zone (TZ) before entering the Elongation Zone (EZ). The TZ is key for 
defining the meristem boundary and consequently directly related to the root growth 
rate (Beemster and Baskin, 1998). In the EZ, cells undergo rapid elongation and reach 
their final size in preparation for differentiation, as they move into the Differentiation 
Zone (DZ). In the DZ, cells begin to acquire a specific identity.  
In Arabidopsis, there are several cylindrical cell layers that have specific form and 
function (Fig. 1). The radially-symmetrical outer cell layers consist of the epidermis, 
cortex and endodermis. There are two types of epidermal cells; trichoblasts and 
atrichoblasts. Trichoblasts, or root hair cells, are determined relative to the underlying 
cortex cells and are separated by two atrichoblasts. They are important for interaction 
with the soil solution. The cell walls of endodermis tissue are impregnated with lignin 
and subsequently suberin deposits which form the Casparian strip (Schreiber et al., 
1999; Naseer et al., 2012). This impermeable diffusion barrier limits apoplastic 
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diffusion of molecules into inner cells layers (Schreiber et al., 1999). The bilaterally-
symmetric inner cell layers (or stele) include pericycle cells and vascular tissue. The 
central vascular bundle, responsible for root-shoot transport, consists of two poles of 
xylem and two poles of phloem cells (Dolan et al., 1993). Selected xylem pole pericycle 
cells can proceed to form lateral roots, through a process that begins with cell priming 
in the meristematic zone (de Smet et al., 2007; Dubrovsky et al., 2008; Moreno-
Risueno et al., 2010) and leads to the emergence and growth of self-sufficient lateral 
organs (Malamy and Benfey, 1997).  
The development, maintenance and initiation of zones, tissues and organs in the root 
system are under extraordinarily specific regulation by a complex web of 
developmental regulators. There is intricate crosstalk between individual components 
of the regulatory systems that govern root growth. 
 
Figure 1. The Arabidopsis root. (A) A 12 day old Arabidopsis seedling grown vertically on gel plates. (B) A 
DIC image of an Arabidopsis root illustrating the different zones: meristematic zone (MZ), transition 
zone (TZ), elongation zone (EZ), differentiation zone (DZ). (C) and (D) Cellular organisation of the root 
meristem (adapted from Petricka et al. (2012)). 
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1.1 The government: How intrinsic root development programs are 
regulated 
1.1.1 The politicians: Signalling molecules governing root development 
1.1.1.1 Hormones 
Phytohormones are small chemical signalling compounds with diverse structures that 
are required in at very low concentrations to elicit a response. They are key regulators 
of developmental processes within the root, with auxin (IAA) and cytokinin (CK) playing 
major roles in root development and other hormones abscisic acid (ABA), ethylene, 
gibberellic acid (GA), strigolactones, jasmonic acid (JA) and brassinosteroids playing key 
roles in specific pathways/responses. The biosynthesis, transport, accumulation and 
degradation of these regulators are carefully controlled. Their output is dependant not 
only on the cellular context of a single hormone in isolation, but on a complex crosstalk 
between different hormones. The study of the roles of individual hormones and 
hormonal networks has been assisted by the isolation of single and high-order mutants 
together with genetic tools such as reporter lines and reverse genetic strategies such 
as the generation of over-expression lines, the identification of transcriptional 
networks and, more recently, modelling and simulation.  
Auxin is undoubtedly the most important hormone governing root development and 
provides the regulatory framework for many developmental systems (Grieneisen et al., 
2007). An auxin maximum is required at the QC and auxin concentration gradually 
decreases acropetally towards the TZ and EZ, where the transition between cell 
division and cell elongation occurs (Sabatini et al., 1999; Benková et al.; Grieneisen et 
al., 2007). Auxin maxima are also essential for the initiation of lateral roots (Himanen 
et al., 2002). Auxin is perceived by nuclear-bound receptors TRANSPORT INHIBITOR 
RESPONSE 1, AUXIN SIGNALLING F-BOXes 1 to 5 and AUXIN-BINDING PROTEIN 1 that 
trigger signalling cascades that end in AUXIN RESPONSE FACTOR (ARF) transcription 
factor regulation (Garay-Arroyo et al., 2012). For many years, auxin was thought to be 
derived solely from the shoots, where it is synthesised and transported to the roots 
through symplastic pathways and the phloem (Ljung et al., 2001; Swarup et al., 2001; 
Blakeslee et al., 2005). More recently, evidence has emerged that auxin biosynthesis 
genes are also active in root tips where they influence auxin levels locally (Ljung et al., 
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2005; Ikeda et al., 2009; Petersson et al., 2009). Auxin transport and gradient 
formation within the root is then established though polar auxin transport, relying 
largely on efflux transporters from the PIN (PIN FORMED) family and influx carriers 
such as AUX1 (AUXIN RESISTANCE 1) and LAX (LIKE AUX) (Blakeslee et al., 2005). In an 
elegant regulatory system, auxin levels in the root meristem are maintained though 
antagonism with cytokinins to ensure a balance is maintained between cell 
proliferation and cell expansion/differentiation (Petricka et al., 2012). 
In addition to their role as auxin antagonists, CKs are essential for apical dominance, 
differentiation, vascular development and lateral root emergence from the root 
(reviewed in Bishopp et al. (2009)). CKs are a group of adenine-derived molecules that 
have specific biosynthesis, transport and functional pathways based on their structure. 
CK biosynthesis is thought to occur predominately in the root, where IPT (ATP/ADP-
ISOPENTYL-TRANSFERASE) genes are expressed (Miyawaki et al., 2004). CKs are 
transported and stored in inactive forms, requiring the action of LOG (LONELY GUY) for 
reversible activation (Gillissen et al., 2000; Bürkle et al., 2003; Kurakawa et al., 2007). 
The perception of CKs occur via a two-component system comprising of histidine 
kinase receptors AHK2, AHK3 and AHK4/CRE1/WOL and A- and B-type response 
regulators (ARRs) that regulate transcription (Mähönen et al., 2000; Inoue et al., 2001; 
Ueguchi et al., 2001b; Ueguchi et al., 2001a; Mason et al., 2004; To et al., 2004). 
Crosstalk between auxin and CKs occur at transcriptional and metabolic levels, with 
ARRs controlling the expression of auxin repressors (Ioio et al., 2008; Růžička et al., 
2009) and the levels of both hormones feeding back on the biosynthesis and 
degradation of one another (Nordström et al., 2004). Both GA and brassinosteriods 
have been implicated in mediating auxin-CK interactions as well as playing 
independent roles in root development processes.  
GA promotes root development through degradation of DELLA proteins, which repress 
GA responses (Ubeda-Tomas et al., 2008; Achard et al.; Ubeda-Tomás et al., 2009). It 
acts downstream of auxin (Fu and Harberd, 2003) and attenuates CK action during 
early root development (Greenboim-Wainberg et al., 2005; Moubayidin et al., 2010). 
Additionally, ethylene interacts with both auxin and CK to control cell proliferation and 
elongation in the meristem (Abeles et al., 1992; Kieber et al., 1993; Ruzicka et al,. 
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2007; Le et al., 2001; Vanstraelen and Benkova, 2012). Similarly, brassinosteroids play 
an important role in promoting root development. BR interacts synergistically with 
auxin, activating auxin responsive genes and sharing regulatory output pathways 
(Müssig et al., 2002; Nemhauser et al., 2004).  
There are many other interactions between and within auxin, CK, GA, BR, ABA, 
strigolactone and JA signalling pathways in the RAM, in controlling lateral root 
development and in responses to environmental stimuli.  
1.1.1.2 Regulatory peptides 
While the classical phytohormones are key players in many aspects of root 
development, cell-to-cell communication is a vital component of most developmental 
processes. Regulatory peptides are one class of small signalling molecules that mediate 
intercellular communication. Roles for small signalling peptides in shoot development 
have been elucidated and are relatively well-characterised (Fukuda and Higashiyama, 
2011). Recently, there has been a leap in our understanding of the roles of regulatory 
peptides in root development (Fig. 2).  
Regulatory or signalling peptides arise from genes that generally encode an N-terminal 
signal peptide region, one or more conserved peptide domains and variable regions 
that flank one or both sides of the discrete peptide domains.  There are two structural 
classes of signalling peptides: small (5-20 amino acids) post-translationally modified 
peptides and larger cysteine-rich peptides (approximately 50 amino acids) that 
undergo disulfide bond formation as part of the maturation process. In this thesis, 
small post-translationally modified peptides will be the focus. Common post-
translational modifications include sulfation of tyrosine residues, hydroxylation of 
proline residues, and further arabinosylation of hydroxyl-proline residues 
(Matsubayashi, 2012). These modifications may increase peptide stability, assist with 
receptor interactions and provide a further degree of regulation. In several cases, 
glycosyl and sulfyl or hydroxyl modification is either required for activity or enhances 
activity of the mature peptide product form (reviewed in Matsubayashi, 2014). While 
the protease-mediated maturation process is poorly understood, it was recently 
shown that four residues upstream of the peptide domain are required for CLE peptide 
endo-proteolytic processing (Ni et al., 2011).   
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Most peptides are thought to act as extracellular signalling molecules that are ligands 
for membrane bound receptors, although few ligand/receptor interactions have been 
validated (Hirakawa et al., 2008; Ogawa et al., 2008; Matsubayashi, 2012; Tabata et al., 
2014). There are several layers of regulation which serve to add specificity to the roles 
of individual peptides. These include post-translational modification, tissue specific 
expression of the peptide encoding gene, regulation of receptor gene expression, the 
subcellular localisation of the receptor and the potential for long distance movement. 
Several families of regulatory peptides, defined by homology of the peptide domain, 
have been implicated in various developmental processes in the roots (Fig. 2). The CLE 
(CLAVATA3/ESR-related) peptide family has a conserved 12-14 amino acid CLE motif at 
or near the C-terminus (Cock and McCormick, 2001). CLE peptides and their receptors 
play a role in auxin-dependent and independent meristem maintenance throughout 
the plant including the root (Stahl et al., 2009; Meng and Feldman, 2010; Stahl et al., 
2013) as well as in protoxylem development through modulation of cytokinin signalling 
(Ito et al., 2006; Kondo et al., 2011). The RGF (ROOT GROWTH FACTOR) family of 
peptides, also known as GLV (GOLVEN) and CLEL (CLE-Like), have a conserved 14 amino 
acid peptide domain containing the tyrosine sulfation motif Asp-Tyr (Matsuzaki et al., 
2010; Meng et al., 2012; Whitford et al., 2012). Peptides from the RGF family were 
reported to regulate auxin-dependant stem cell maintenance (Matsuzaki et al., 2010), 
lateral root development in an auxin independent manner (Meng et al., 2012; 
Fernandez, 2015) and aspects of the gravitropic response through auxin efflux 
transporter PIN2 (Meng et al., 2012; Whitford et al., 2012; Fernandez et al., 2013). The 
IDA (INFLORESCENCE DEFICIENT IN ABCISSION) peptide family has a conserved, 
functionally-active 12 amino acid sequence termed PIP, which resides within a proline-
rich 20 amino acid extended PIP motif (Butenko et al., 2003; Stenvik et al., 2008). In 
the roots, these peptides play a role in facilitating lateral root emergence (Kumpf et al., 
2013) by enabling cell wall loosening, which is consistent with their role in abscission 
elsewhere in the plant (Butenko et al., 2003). The CEP (C-TERMINALLY ENCODED 
PEPTIDE) family has a conserved 15 amino acid peptide domain.  It was initially shown 
that two of three proline residues in the 15 amino acid CEP1 motif are hydroxylated 
(Ohyama et al., 2008). However, recent evidence has shown that all three proline 
residues are hydroxylated in xylem sap (Tabata et al., 2014).  This family may play a 
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role in primary root development (Ohyama et al., 2008), but has been largely 
uncharacterized. 
Recent bioinformatic approaches have indicated that over 7000 small, unannotated 
open reading frames exist in the A. thaliana genome (Hanada et al., 2013). As a 
proportion of these are likely to be regulatory peptide encoding genes, there is still a 
long way to go in fully exploring the extent of peptide mediated developmental 
regulation.  
 
Figure 2. Recent advances in peptide mediated regulation of root development. CLE, RGF/GLV/CLEL, IDA 
and CEP peptides are involved in several aspects of root development including lateral root formation, 
protoxylem development, stem cell maintenance and gravitrophic response. The pathways are shown 
near their approximate location in the root. Peptides are indicated in green text, receptors in blue. 
Upstream processes are yellow and downstream processes are red. Developmental output is indicated 
by black text. 
|9| 
 
1.1.2 Divide and conquer: The root meristem 
For continued growth and development, roots require a source of new cells that are 
able to differentiate into various tissue types. The root meristem contains a population 
of stem cells maintained by the quiescent centre (QC). An extraordinary amount of 
precise regulation is required to ensure that the identity of the QC cells, the 
surrounding stem cells and their daughters is maintained. An auxin maximum, 
maintained by polar auxin transport is required in the stem cell niche and is at the 
centre of most regulatory networks in this part of the root (Sabatini et al., 1999; Friml 
et al., 2003). Several transcription factors act within auxin gradients to maintain 
identity and patterning of specific cell types, including WOX5 (WUSCHEL- related 
homeobox 5), SCR (SCARECROW), SHR (SHORTROOT) and PLT1 and 2 (PLETHORA1 and 
2). 
WOX5 is expressed in the QC to maintain stem cell identity (Haecker et al., 2004). A 
recent report implicated the CLE40 peptide in maintaining QC and columella stem cell 
identity through WOX5 (Stahl et al., 2009). The authors showed that CLE40 is 
expressed in the stele and in differentiating columella cells. Loss-of-function cle40 
mutants had short roots with irregular tips caused by delayed differentiation of 
columella stem cells.  Excessive CLE40 led to columella stem cell differentiation. The 
expression of WOX5 was perturbed when CLE40 was deregulated, extending beyond 
the QC in the cle40 mutant and being reduced in the QC and shifted towards the 
proximal meristem upon CLE40 peptide addition to WT plants. CLE40, together with 
ACR4 (Arabidopsis CRINKLY 4), a receptor-like kinase, regulated the spatial expression 
of WOX5 to maintain columella stem cell identity. Additionally, the CLV2 (CLAVATA 2) 
leucine-rich repeat receptor was found to be necessary for CLE40-dependant root 
growth suppression, but not for differentiation of the daughters of columella stem 
cells (Stahl et al., 2009), indicating that the same peptide may interact with more than 
one receptor to regulate different developmental processes.  
Indeed, further investigation showed that subcellular localisation, environment and 
concentration affect the formation of receptor complexes (Stahl et al., 2013). The 
leucine-rich repeat receptor kinase CLV1 was shown to be involved in the signalling 
pathway of CLE40 and ACR4. ACR4 and CLV1 have similar expression patterns in the 
root meristem. CLE40 regulates ACR4 expression but not CLV1 expression. Using 
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Förster resonance energy transfer (FRET) and multiparameter fluorescence image 
spectroscopy, the transmembrane domains of ACR4 and CLV1 were shown to interact 
and form homomeric and heteromeric complexes depending on localisation (plasma 
membrane or plasmadesmata). Both the clv1 and acr4 single mutants were impaired in 
aspects of meristem maintenance and responded differently to CLE40 peptide 
application. This indicated that the homo-and heteromeric complexes differentially 
regulate root meristem maintenance.  
SCR and SHR work together to provide positional information in radial cell patterning 
and help maintain QC identity (Di Laurenzio et al., 1996; Helariutta et al., 2000; 
Sabatini et al., 2003). They are both members of the GRAS transcription factor family: 
SHR is expressed in the stele, while SCR is expressed in the adjacent endodermal 
(cortical) cells (Di Laurenzio et al.; Helariutta et al., 2000; Sabatini et al., 2003). The 
mobile SHR protein activates SCR expression in neighbouring cells (Nakajima et al., 
2001; Levesque et al., 2006). In the endodermis, SCR physically interacts with SHR to 
confine its movement (Cui et al., 2007). Through a parallel pathway, the PLT genes 
regulate the stem cell niche (Aida et al., 2004). 
PLT1 and PLT2 are auxin responsive genes that form a gradient distribution to maintain 
stem cell identity when expressed at high levels and promote differentiation when 
present at low levels (Aida et al., 2004; Galinha et al., 2007). The sulphated RGF1 
peptide was found to regulate meristem maintenance by providing a link between PLT 
expression and auxin through sulfation by TPST1 (TYROSYLPROTEIN 
SULFOTRANSFERASE 1) (Matsuzaki et al., 2010; Zhou et al., 2010). The tpst1 mutant 
displayed pleiotropic effects including decreased meristem size and cell division 
activity, QC mis-regulation and starch granule accumulation. This mutant lacked the 
only copy of tyrosylprotein sulfotransferase found in the Arabidopsis genome 
(Matsuzaki et al., 2010; Zhou et al., 2010). TPST1 was induced by auxin and helped to 
maintain auxin distribution by regulating expression of PIN and auxin biosynthetic 
genes (Zhou et al., 2010). Applying synthetic, sulfated RGF1 peptide to tpst1 roots 
ameliorated the stem cell mis-regulation phenotype and increased cell division activity, 
indicating that sulphated RGF1 was required for these processes (Matsuzaki et al., 
2010). Further investigation showed the sulphated peptides PSK (PHYTOSULFOKINE) 
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and PSY1 (PLANT PEPTIDE CONTAINING SULFATED TYROSINE 1) were also required for 
full restoration of cell division activity (Matsuzaki et al., 2010). Eight of the nine 
sulphated RGF peptides complemented the tpst1 mutant in this way, however non-
sulfated peptides were unable to do so. It was found that RGF1 acts by regulating 
spatial expression and expression levels of PLT transcription factors. This work 
provided a link between auxin levels, the RGF peptide and PLT expression through 
TPST1 (Matsuzaki et al., 2010). These studies also exemplified the extra layer of 
regulation that can be provided by post-translational modification of signalling 
peptides. 
It is clear that maintaining the root meristem is critical to overall plant survival. 
Interactions between hormones, transcription factors and regulatory peptides are 
required to ensure ongoing function of the root meristem. It is also necessary for 
plants to expand their root system and explore the soil, increasing the number of 
meristems through lateral branching. 
1.1.3 Ruling new territories: Root branching 
The development of lateral roots (LRs) has been rigorously studied, and is understood 
primarily in the context of the phytohormone auxin. It is not entirely certain if auxin 
regulates the formation of prebranch sites (predetermined sites of potential future 
lateral root initiation) or not (see below) but lateral root initiation beyond this point is 
strongly coupled to auxin. It is known that other phytohormones interact with auxin 
through lateral root development as positive or negative regulators.  
There are several major checkpoints in the development of a lateral root (Fig. 3). The 
earliest described event is the formation of prebranch sites, which involves the 
periodic oscillation of over 2000 genes, visualized by a DR5:Luc reporter (Moreno-
Risueno et al., 2010), in the meristem (De Smet et al., 2007). This periodic oscillatory 
mechanism has been termed the ‘root clock’.  The root clock is not affected by root 
length, temperature, day length or sucrose in the growth medium and is not 
dependent on root bending observed during normal root growth (Moreno-Risueno et 
al., 2010). However, it was recently inferred that a carotenoid-derivative is required for 
endowing lateral root competency (Van Norman et al., 2014). From prebranch sites, LR 
founder cells are specified in the differentiation zone, a site of relatively low auxin 
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levels (Dubrovsky et al., 2008; Dubrovsky et al., 2011). This process is developmentally 
distinct from prebranch site formation, however only sites where oscillation occurred 
can go on to become founder cells and future lateral roots (Moreno-Risueno et al., 
2010). Founder cells may be visualized by static DR5 expression (Dubrovsky et al., 
2008; Moreno-Risueno et al., 2010; Van Norman et al., 2014). Prebranch site 
formation and founder cell specification must all occur within a defined spatial and 
developmental window. Prebranch site formation cannot be induced at any other 
position in the root (Moreno-Risueno et al., 2010). However, in certain instances, the 
requirement for prebranch site formation may be bypassed and founder cells can be 
specified and initiated outside this window, as the competency for specification is 
never lost (Dubrovsky et al., 2011). This requires auxin stimulation, such as that 
triggered by mechanical stimulation, gravitropic stimulation or exogenous hormone 
application (Laskowski et al., 2008; Richter et al., 2009; Dubrovsky et al., 2011).  
Shortly after founder cell specification, LRs are initiated in an auxin-dependent manner 
leading to cell cycle progression and cell fate re-specification (Vanneste et al., 2005) 
and the first asymmetric division occurs. The first asymmetric division is the first stage 
of lateral root primordium (LRP) development. Seven stages of LRP development (plus 
the final emergence stage) have been defined in Arabidopsis (Malamy and Benfey, 
1997), each characterised by the number and patterning of cells. Auxin plays a key role 
in various stages of LRP development, accumulating differentially to influence cell 
patterning (Benková et al., 2003). The phytohormones cytokinin, ethylene and 
strigolactone all act as negative regulators of LR initiation, likely through crosstalk with 
auxin at different stages of the cell cycle (Laplaze et al., 2007; Negi et al., 2008; Koltai 
et al., 2010; Shkolnik-Inbar and Bar-Zvi, 2010; Kapulnik et al., 2011).  
In order for an LRP to emerge, it must pass through the endodermis, cortex and 
epidermis (Malamy and Benfey, 1997). Once a LR is initiated, it may (but is not 
required to) emerge at any time during plant development. The IDA peptide and its 
receptors, HAE (HAESA) and HSL2 (HAESA-Like 2) were recently shown to play a role in 
lateral root emergence (Kumpf et al., 2013) in addition to their known roles in floral 
abscission (Butenko et al., 2003; Stenvik et al., 2008). The ida, hae, hsl2 single mutants 
and hae hsl2 double mutant showed a significant reduction in the number of emerged 
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lateral roots (Kumpf et al., 2013). Lateral root primordia in these mutants encountered 
difficulties in penetrating the cortical, endodermal and epidermal cell layers and often 
displayed irregular flattened shapes. IDA was strongly induced by auxin, whereas the 
two receptors were only transiently induced by auxin, indicating the receptors are 
used to limit IDA function. Two stages for IDA-mediated cell wall remodelling (CWR) 
were identified. During early primordia development (Stage I and II), auxin from the 
lateral root primordium induced IDA expression in the endodermal cells, where HAE 
and HSL2 were already present. IDA signalling led to the expression of CWR enzymes, 
which allowed the nascent lateral root to pass through the endodermal cell layer. At a 
later stage in primordia development (Stage V), auxin was derived from the auxin 
influx carrier LIKE AUX1-3 (LAX3), expressed in the neighbouring cortical and epidermal 
cells. This induced the degradation of SOLITARY ROOT1 which, in turn, released the 
transcription factors ARF 7 and 19. ARF7 was required for the subsequent induction of 
IDA that triggered the expression of CWR genes through HAE/HSL2 signalling to allow 
primordia to emerge from the parent root.  
The final checkpoint in LR development occurs post-emergence, before the LR is visible 
to the naked eye. Numerous hormones have been implicated in suppressing further 
elongation at this stage, including ethylene (Negi et al., 2008) and abscisic acid (ABA) 
(Müssig et al., 2002; De Smet et al., 2003). This is also a major checkpoint for the 
integration of environmental information. Environmental factors play a key role in 
regulating LR initiation, emergence and post emergence by altering the action of 
hormones responsible for these processes. For example, the level of nitrate has been 
shown to strongly affect LR development in various ways. Locally low nitrate levels 
inhibit LR elongation whereas globally low nitrate levels stimulate systemic LR 
elongation (Zhang et al., 1999). The reverse is true under high nitrate levels. Nitrate 
sensing and assimilation is mediated by nitrate transporters and crosstalk between 
various phytohormones (Signora et al., 2001; Tian et al., 2009; Krouk et al., 2010). 
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Figure 3. Spatial summary of Arabidopsis lateral root development. Adapted from Dastidar et al. (2012). 
1.2 The economy: Pathways controlling nitrogen supply and demand 
For their growth and reproduction, plants must obtain resources from a dynamic soil 
medium that contains a heterogeneous mix of organic and inorganic molecules. A 
limiting factor in plant growth is the availably of nitrogen. To cope with variable 
nitrogen availability and changes in internal nitrogen demand, plants have evolved the 
ability to precisely modulate aspects of their development to suit their particular 
environment. This includes altering nutrient uptake, transport, assimilation, demand, 
storage, remobilisation and root architecture. There are discrete systems for nitrate 
and ammonium uptake and transport, which interact with each other (and many other 
regulatory pathways) in various ways. In many cases, nitrogen is primarily taken up 
from the soil as NO3-. In agricultural fields, nitrate levels can vary wildly, from 
extremely low concentrations (low µM) to extremely high (> 10 mM) concentrations 
(Reisenauer, 1966; Jackson and Caldwell, 1993). Nitrate acts as both a nutrient and a 
|15| 
 
signal in plants. Within minutes, nitrate itself is able to regulate the expression of up to 
1000 genes (Krapp et al., 2014). As a signal, it affects a myriad of developmental 
pathways, most notably carbon (C) metabolism pathways.  
1.2.1 The commodity: Nitrate acquisition 
Nitrate uptake, signaling and transport is governed by four major families of nitrate 
transporters; NRT1 (NITRATE TRANSPORTER 1), NRT2, CLC (CHLORIDE CHANNEL) and 
SLAC/SLAH (SLOW ANION CHANNEL-ASSOCIATED / HOMOLOG). Recently, the 
nomenclature of NRT and CLC transporters has changed to reflect the fact that 
members of the NRT1 family are non-specific transporters, whereas the NRT2 family 
shows strong specificity for nitrate uptake (Léran et al. 2015). The older nomenclature 
is used here and throughout the thesis. NRT1 and NRT2 family proteins are responsible 
for uptake, signaling and transport of nitrate, whereas members of the CLC and 
SLAC/SLAH family tend to be involved in transport, storage and shoot-responses to 
nitrate levels. This section will focus on the pathways that are most relevant to root 
development (Fig. 4). 
Plant responses to nitrate are governed by two transport systems; the high affinity 
transport system (HATS) and the low affinity transport system (LATS) (Crawford and 
Glass, 1998). Both of these systems have constitutive and inducible components. The 
LATS is active when NO3- is abundant (generally defined as concentrations above 1 
mM) and primarily involves NRT1.1, a dynamic nitrate transceptor that functions both 
as a nitrate transporter and a nitrate sensor (Tsay et al., 1993; Bouguyon et al., 2015). 
The inducible NO3- HATS operates under restrictive nitrate conditions, when NO3- 
concentrations are between 1 µM and 1 mM and is governed by the NRT2 family 
(Orsel et al., 2002).  As the HATS response is most relevant to uptake, signaling and 
RSA changes under nitrogen stress, it will be the focus here. 
The major component of the HATS is NRT2.1, a nitrate transporter and sensor that also 
has an independent role in LR initiation (Filleur et al., 2001; Orsel et al., 2004; Little et 
al., 2005; Li et al., 2007). NRT2.1 expression is rapidly induced by NO3- stimulation, as 
well as sucrose, and requires de novo protein synthesis (Wirth et al., 2007). A 150 bp 
region of the NRT2.1 promoter is sufficient to drive induction of a minimal 35S 
promoter under both of these stimuli (Girin et al., 2007). This region was also 
|16| 
 
responsive to sucrose, highlighting the importance of C signaling in the regulation of 
the nitrate response. It was subsequently found that the activity of these cis-elements 
could be suppressed by HIGH NITRATE INDUCED 9 through changes to histone 
methylation (Widiez et al., 2011). 
NRT2.1 is localized to the plasma membrane where it forms a heterocomplex with 
NRT3.1 (Okamoto et al., 2006; Orsel et al., 2006; Wirth et al., 2007). It has been 
proposed that NRT3.1 is necessary for stabilizing NRT2.1 and is essential for HATs 
induction (Okamoto et al., 2006). NRT2.1 and nrt3.1 mutants displayed a significant 
reduction in HATS activity (measured by N-assimilation) of up to 75% and 95% 
respectively (Okamoto et al., 2006). Contrary to the rapid increase in NRT2.1 mRNA 
seen upon NO3- or C supply, the NRT2.1 protein has a very slow turnover, indicating a 
significant role for post-translational modification in nitrate transport regulation (Wirth 
et al., 2007). 
Nitrogen status of the plant, in part governed by members of the NRT1 and NRT2 
families, is regulated both at a local level, where availability of external nitrate is 
signalled by NO3- itself and at a systemic level, where the internal supply of nitrate is 
signalled via N-metabolites (reviewed in Bouguyon et al., 2012). Phenotypically, under 
globally low nitrate conditions, lateral root growth is generally promoted, at the 
expense of shoot growth (Zhang and Forde, 1998; Zhang et al., 1999). At globally high 
nitrate concentrations, lateral root growth is repressed as energy is diverted to 
photosynthesis pathways (Zhang and Forde, 1998; Zhang et al., 1999). At locally high 
levels of nitrate, where a plant root system is also exposed to low nitrate conditions, 
lateral root growth is promoted on the high nitrate side (Zhang and Forde, 1998). In 
locally low levels of nitrate, LR growth is restricted (Zhang and Forde, 1998). Evidence 
for the production of two systemic signals, one to promote lateral root growth on the 
high nitrate side and one to suppress lateral root growth on the low nitrate side has 
been shown to control this plant behavior (Ruffel et al. 2011). 
In some of the first molecular studies of systemic nitrate signalling, NRT2.1 was 
identified as a key regulator. Using a hydroponic split-root setup, Gansel et al. (2001) 
showed that both nitrate uptake and NRT2.1 expression was regulated systemically 
and suggested this was through a shoot derived signal that relayed N deficiency. In 
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these experiments, one half of the root system was exposed to sufficient nitrate 
conditions (10 mM KNO3-) and the other to nitrate starvation. In the side of the root 
exposed to nitrate replete conditions, nitrate uptake and NRT2.1 expression were 
increased, but were not changed in the nitrate depleted side. Furthermore, after 
prolonged N starvation, NRT2.1 expression was repressed. These results suggested 
that NRT2.1 was responsible for maintaining sufficient internal nitrogen status of the 
plant as a whole. It also suggested NRT2.1 was the target of a systemic, shoot derived 
signal.  As a result of this signalling, LR formation was upregulated on the high nitrate 
exposed roots and suppressed on the side under low nitrate to the extent that overall 
root growth was equivalent to a plant grown under high N.    
Systemic signalling was explored by Ruffel et al. (2011) in further depth using plate-
based split root assays. These experiments used a combination of phenotypic 
observations and transcriptomic analysis together with three nitrate conditions: 
nitrate complete (5mM KNO3), nitrate depleted (5mM KCl; 0mM KNO3) or split (one 
side with 5 mM KNO3 and the other with 5 mM KCl). Phenotypically, it was shown that 
there is systemic repression of LR outgrowth when plants were in contact with either 
nitrate replete conditions or in the KCl portion of the split root treatment. This 
repression was released in either nitrate depleted or on the KNO3 portion of the split 
root experiment. These phenotypic findings were mirrored by longer term 
transcriptomic changes (8hr and 48hr after transfer to these conditions). However, at 
an earlier time point, transcriptomic responses to nitrate availably were similar, 
regardless of treatment. Analysis of mutants and decapitated plants revealed that 
nitrate itself was responsible for these early changes and constituted a local response 
that was independent of global nitrogen status. These analyses also revealed that a 
shoot was required for the systemic response to heterogeneous nitrogen 
environments. IT was found that cytokinin was required for systemic N demand 
signalling, which resulted in de-repression of foraging and nitrogen uptake in 
heterogeneous environments (but not homogeneous environments). However, it was 
proposed there is an independent system for systemic N supply signalling, where 
foraging and nitrogen uptake remains repressed in heterogeneous environments (but 
not homogeneous environments).  
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Recently, two CEP receptors (CEPRs) have also been implicated in systemic N-demand 
signalling (Tabata et al., 2014). CEPR1 and CEPR2 were found to bind CEP1, CEP3 and 
CEP5 peptides in vitro. In cepr1,2 double mutants, nitrate uptake was reduced. Split 
root and grafting experiments were used to show that CEPR1 and CEPR2 were required 
for systemic nitrogen signalling. In the absence of these receptors in the shoot 
specifically, NRT2.1 expression was not induced on the high nitrate side of a spilt root. 
CEP peptides were also found in the xylem sap of N starved plants, providing evidence 
that CEPs are long-distance signalling molecules that help regulate nitrate uptake. How 
this is integrated with the rest of the nitrate uptake pathway remains to be explored.   
1.2.2 The market: Nitrate transport within the plant 
While several members of the NRT1 and NRT2 families are involved in nitrate 
acquisition from the soil, others are involved in nitrate transport in Arabidopsis (Fig. 4). 
Under normal conditions, nitrate acquired from the soil may be either reduced to 
ammonium, stored in vacuoles or transported to the shoot for assimilation (Tischner, 
2001). Transport of nitrate to the shoot is thought to be an energy conservation 
strategy, as the C skeletons and reducing power provided by photosynthesis can be 
exploited (Smirnoff and Stewart, 1985; Andrews, 1986). However, nitrate assimilation 
can also occur in roots and may be a strategy for responding to changes in nitrate 
levels (discussed in Section 1.2.3 below). 
Nitrate transport to the shoot proceeds via the xylem. NRT1.5 is the only known 
transporter that loads nitrate into the xylem (Lin et al., 2008; Chen et al., 2012). 
NRT1.5 is expressed in the two xylem-pole pericycle cells and is thought to be a low-
affinity bi-directional transporter (Lin et al., 2008). Shoot nitrogen concentration and 
xylem nitrate concentrations are reduced in nrt1.5 mutants, providing evidence for the 
role of NRT1.5 in xylem loading (Lin et al., 2008; Li et al., 2010). The expression of 
NRT1.5 is coordinated with NRT1.8, which functions to remove nitrate from the xylem 
(Lin et al., 2008; Li et al., 2010). NRT1.8 is expressed in xylem parenchyma cells in the 
shoots, where it unloads nitrate from the xylem for transport to mesophyll cells (Li et 
al., 2010). nrt1.8 and nrt1.5 mutants showed altered sensitivity to heavy metal, 
drought and salt stress, indicating the modulation of root-shoot nitrate transport plays 
an important role in stress tolerance in a processed dubbed SINAR for stress-induced 
nitrate allocation to roots (Lin et al., 2008; Gojon and Gaymard, 2010; Li et al., 2010; 
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Chen et al., 2012; Zhang et al., 2014). Indeed, it has been speculated that increased 
nitrate levels, coinciding with an increase in nitrate reduction and assimilation in roots 
is a typical response to a range of abiotic stresses (Gojon and Gaymard, 2010).  
1.2.3 The reserve bank: Nitrate assimilation and N-metabolite distribution 
The reduction and assimilation of nitrate to amino acids is a very energy intensive 
process, requiring reducing power, ATP, carbon skeletons.  It is therefore tightly 
regulated together with carbon metabolism. Under normal conditions, the majority of 
nitrate assimilation occurs in the shoots (Smirnoff and Stewart, 1985; Andrews, 1986; 
Fig. 4). Upon arrival in the shoot, nitrate is transported to the cytosol of mesophyll cells 
for assimilation or the vacuole for storage, where it also pays a role as an osmoticum 
(Guerrero et al., 1981; Crawford and Arst, 1993). In the cytosol, nitrate is first reduced 
to nitrite by nitrate reductase (NiR) (Guerrero et al., 1981; Crawford and Arst, 1993). 
Nitrite is moved to the chloroplast where it is further reduced to ammonium by nitrite 
reductase (NiA) (Guerrero et al., 1981; Crawford and Arst, 1993). As ammonium is toxic 
it is readily removed by the glutamate synthase/glutamine oxoglutarate 
aminotransferase (GS-GOGAT) pathway, where it acts as a substrate. It is assimilated 
into glutamine and from there, into other amino acids (Lea and Miflin, 1974; Lea and 
Forde, 1994). Asparagine synthase (ASN) and carbamoylphosphate synthase (CMPase) 
are required for synthesis of asparagine/ glutamate and arginine respectively from 
glutamine (Lam et al., 1994; Lam et al., 1998; Potel et al., 2009).  
Nitrogen assimilate is transported from source tissues to sink tissues. The major forms 
of assimilate found in phloem are asparagine, glutamine and glutamate (Masclaux-
Daubresse et al., 2010). The largest family of amino acid transporters, ATPs, consists of 
11 subgroups containing members with different substrate preferences and 
specificities (reviewed in Rentsch et al., 2007). These transporters are required in 
phloem loading/unloading and are also important for nitrogen re-mobilisation from 
older to newer tissues during senescence and provide an important source of N during 
seed fill.  
While it is thought that nitrate assimilation is primarily performed in shoots in many 
plants, including Arabidopsis, assimilation can occur in roots (Smirnoff and Stewart, 
1985; Andrews, 1986; Black et al., 2002). Nitrate assimilatory genes in Arabidopsis 
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roots are strongly induced by nitrate addition after prolonged starvation (Wang et al., 
2003). Bussell et al. (2013) showed that there was a significant increase in Asp, Glu and 
Gln content in roots within 30 min of nitrate re-supply after starvation. Together, these 
data indicate that nitrate assimilation in Arabidopsis roots may be regulated by 
nitrogen supply, as found in other species (Black et al., 2002). This provides further 
evidence to support the proposal that increased root nitrate levels, coinciding with an 
increase in nitrate reduction and assimilation in roots, is a typical response to a range 
of abiotic stresses (Gojon and Gaymard, 2010). 
 
Figure 4. Nitrate uptake and assimilation pathways in Arabidopsis roots and shoot. Transporters 
involved in the LATS are in purple, those involved in the HATS are in red. For simplicity, not all genes 
involved in these processes are included. 
1.3 Time for a summit? Advancing knowledge of developmental 
regulation through nutritional pathways   
Plants have clearly evolved intricate systems for integrating developmental programs 
with external information. The crosstalk between hormones, signalling peptides, 
transporters and nutrient allocation pathways is complex. At best, they are understood 
in the context of only one or two players. To tackle challenges presented by changes in 
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climate, environmental degradation and increasing demand for food, it is imperative 
that these systems are better understood. In particular, the role of small signalling 
peptides in the developmental response to environmental information presents an 
exciting but under-studied avenue for RSA modulation.  
Of the known small regulatory peptide families, the CEP family is the least well-
studied. The founding five members of this family in Arabidopsis, discovered using an 
in silico approach, were characterized by a conserved 15 amino acid peptide domain at 
or near the C-terminus (Ohyama et al., 2008). The mature product was shown to be a 
14 or 15 amino acid peptide containing one or two hyroxylated proline residues and 
the 15 amino acid peptide was reported to be biologically active on roots. Over-
expression of AtCEP1, which was mainly expressed in the shoot apical meristem and LR 
primordia during development, resulted in reduced primary and lateral root elongation 
as well as a smaller shoot system. Confocal imaging showed that CEP1 over-expression 
roots had a reduced number of meristem cells (Ohyama et al., 2008) .  
Aside from the above study on CEP1, little was known about the CEP family. This is not 
suprising, as generally the characterisation of peptide families has been hampered for 
a myriad of reasons including i) the small size of peptide-coding genes, meaning that 
they are not normally picked up by annotation algorithms ii) the lack of mutants (T-
DNA insertion, EMS, etc.) due to this small size, iii) some level of functional redundancy 
in these large multigene families and iv) lack of similarity in the precursor sequence 
presenting a challenge for knock down of multiple genes with one construct.  
A number of tools and strategies have been used to increase our understanding of the 
roles of signalling peptides. For example, peptides from the CLE and RGF families have 
been implicated in different aspects of root development, however specific function 
and mechanistic action of other family members remains to be elucidated. In a step 
towards this, the expression patterns and effects of over-expression of all RGF and CLE 
peptide family members have been assessed (Jun et al., 2010; Fernandez et al., 2013).  
One particularly useful tool in signalling peptide research is the application of 
synthetically synthesised peptides to the growth medium, similar to supplementing 
growth medium with synthetically derived homones. This technique was first used to 
elucidate the role of the CLV2 receptor in the CLE19-mediated consumption of the root 
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meristem (Fiers et al., 2005). A 14 amino acid peptide was chemically synthesised and 
applied to growth medium at various concentrations to determine biological activity 
(Fiers et al., 2005). This technique has since become routinely used in the eludication 
of the roles of singalling peptides in plants. However, it must be noted that, similar to 
over-expression, appplication of synthetic peptide to the entire plant can cause off-
target effects and may not necessarily provide biologically relevant insights. 
Additionally, the importance of post-translational modification(s) in mediating 
interactions and functions has been reported and synthetic peptide variants must be 
synthesised with these in mind (Matsubayashi, 2012; Imin et al. 2013).  
A recently reported technology, based on synthetic peptide assays, may assist in 
overcoming the issue of genetic redundancy that has hindered elucidation of peptide 
function by loss of function mutants. It was shown that by substituting Gly6 in the 
CLV3 peptide domain for Ala or Thr, dominant-negative clv3 phenotypes were 
obtained (Song et al., 2013). When applied in combination with the unsubstituted 
CLV3 peptide, it was shown that the antagonistic effect was a result of competition 
between the two peptides. It was hypothesised that CLV3Thr6 was able to bind the CLV3 
receptor without eliciting a response. This concept was also used to make antagonists 
for CLE8 and CLE22 peptides (Song et al., 2013). However, since this method was first 
described, it has been found that similar dominant-negative effects cannot be 
achieved by substituting amino acids of other peptides, such as other CLEs or IDA 
peptides Czyzewicz et al. (2015). 
Additionally, methods such as targeted in silico analyses, mutant analyses and 
transcriptomic analyses, with careful experimental design, can be used to assist with 
gene identification and functional elucidation. 
These tools and strategies were used to devise a project investigating the CEP family in 
Arabidopsis. Preliminary work indicated that members of the CEP family were induced 
by environmental cues in Arabidopsis and legume species (Radzman, Imin  and 
Djordjevic, 2012, personal communication; Imin et al. 2013). Therefore, the overall aim 
of this thesis was to increase our understanding of the role(s) of Arabidopsis CEPs in 
modulating root development in response to environmental cues. To initate this study, 
the CEP family was investigated in more detail (Chapter 3). The relationships between 
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CEP peptides were studied, their induction by environemtnal cues were explored and 
the effects of over-presenting CEP peptides were examined. To uncover specific 
mechanisms of CEP action, CEP3 was studied in more detail. In Chapter 4, a cep3 
mutant was isolated and characterised. This mutant, together with other genetic tools, 
was used to pinpoint the role of CEP3 in root development. Finally, in Chapter 5, the 
role of CEP3 in nutrient pathways was explored using transcriptomics. This project has 
contributed significanly to our understanding of root development in the context of 
nutritional regulation and has provided a wealth of information about and tools for the 
CEP family. 
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Chapter 2: General materials and 
methods 
Methods used throughout this thesis are described in detail here. A brief summary of 
methods specific to individual chapters can be found in each chapter. 
2.1 Plate growth conditions and analysis 
For root assays, seeds of Arabidopsis thaliana (accession Col-0) were surface sterilized 
with 6.25% bleach, rinsed in sterile H20 five times, stratified at 4o C in the dark for 3-4 
days and sown onto plates using a pipette tip. Standard growth medium (“standard ½ 
MS medium”) was ½ MS medium with 1 x Gamborg’s vitamins (M0404; Sigma Aldrich) 
adjusted to pH 5.7 and solidified with 1% phytagel (P8169; Sigma Aldrich). Note that 
phytagel was used throughout the thesis as it does not contain any residual amounts 
of nitrogen. Modified nitrogen-free ½ MS medium (“modified N-free medium”) 
consisted of basal micronutrient solution (M0529; Sigma Aldrich) with macronutrients 
(0.75 mM MgSO4 .7 H20; 1.5 mM CaCl2 . 2 H2O; and 0.625 mM KH2PO4) added to 50% of 
the concentration described by Murashige and Skoog (1962) and 1 x Gamborg’s 
vitamins (G1019; Sigma Aldrich). Plates were placed vertically in a growth chamber at 
22°C with a 16 h photoperiod and 100 µmol/m2/s1 photosynthetically active radiation. 
Plates were imaged using an Epson scanner and images were analysed using the 
SmartRoot plugin (Lobet et al., 2011) in ImageJ. Statistically significant differences 
were determined using a two-sample t-test (Excel) or ANOVA (Genstat 14th edition) 
where appropriate. 
2.2 Soil assays 
For pot-based growth, Debco Seed Raising mix supplemented with 2 ml/L Osmocote 
Extract Mini (Everris) was used. Trays were sub-irrigated initially with AzaMax (Parry’s 
America Inc.) at a concentration of approx. 1 ml / 6 L soil for pest control. Plants were 
grown in a growth chamber at 22°C with a 16 h photoperiod and 100 µmol/m2/s1 
photosynthetically active radiation. 
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2.3 Hydroponics assays 
For hydroponic growth assays, the lids of Eppendorf tubes were separated and a hole 
was punched in the top. The lids were filled with 0.5% agar (A4800; Sigma Aldrich) and 
a single stratified seed was placed in the hole with a pipette tip. Lids were placed in 
floating holders in tubs containing ¼ MS medium (M0404; Sigma Aldrich). Tubs were 
aerated for 15 min every two hours. Medium was changed after the first two weeks 
and every week subsequently. 
2.4 Synthetic peptides 
Synthetic peptides were synthesised by GL Biochem (Shanghai) or the Biomolecular 
Resource Facility at the Australian National University. HPLC analysis was used to 
confirm peptide purity and mass spectrometry verification was provided by the 
manufacturer. Peptides were made with various modifications, and these are made 
clear in the text. Unless otherwise noted, CEP3 peptides used had 2 hydroxylated 
proline residues and peptides were used at a concentration of 1 µM. 
2.5 RNA extraction and cDNA synthesis 
RNA was extracted using the Trizol reagent (Life Technologies) and purified using spin 
columns and buffers from the RNeasy plant mini kit (QIAGEN) as follows. Tissue was 
harvested and snap-frozen in ZR BashingBead Lysis tubes (Zymo Research). One ml of 
Trizol reagent was added to frozen tissue and samples were homogenised in a 
FastPrep homogeniser (MP Biomedicals). Supernatant was transferred to a new tube 
and was incubated for 5 min at room temperature before 200 µl of chloroform was 
added. Samples were incubated for 2 min and centrifuged at 12000 g for 15 min at 4o 
C. The upper phase was transferred to a new tube containing 300 µl of 70 % ethanol. 
Samples were mixed well and transferred to RNeasy Mini spin columns and 
centrifuged for 15 sec at 8000 g. Three hundred and fifty µl of Buffer RW1 was added 
and columns were centrifuged for 15 sec at 8000 g. On-column DNase digestion was 
performed by adding 80 µl of DNase mix (10 µl QIAGEN DNase I + 70 µl QIAGEN Buffer 
RDD from the RNase-free DNase Set, Cat. number 79294; QIAGEN) to the columns and 
incubating for 30 min at room temperature. Three hundred and fifty µl of Buffer RW1 
was added and columns were incubated for 5 min at room temperature. Samples were 
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centrifuged at 8000 g for 15 sec and flow-through was discarded. Columns were 
washed twice with 500 µl Buffer RPE and dried before being placed in a collection 
tube. RNA was collected by adding 30 µl of MilliQ H2O to the columns, incubating at 
room temperature for 2 min and centrifuging for 1 min at 13000 g. RNA was quantified 
using a Nanodrop 2000 UV-Vis Spectrophotometer (Thermo Scientific) and/or a 
Bioanlayzer (Agilent) as indicated in the text. 
cDNA was synthesized using the Superscript III Kit (Invitrogen) according to 
manufacturer’s directions. Briefly, 50 µM of oligo (dT)20, 10 µM dNTP Mix and 100 -500 
ng mRNA were added to a tube to a total of 20 µl. The mixture was heated to 65oC for 
5 minutes and incubated on ice for at least 1 minute. The tube was centrifuged briefly 
and 1 x Fist-Strand Buffer, 0.1 M DTT and 40 units RNaseOUT were added to the tube. 
Contents was mixed and incubated at 50oC for 60 mins. Reaction was inactivated by 
heating at 70oC for 15 mins. cDNA quantity/ quality was measured using a Nanodrop 
2000 UV-Vis Spectrophotometer (Thermo Scientific). 
2.6 qRT PCR 
Taqman reactions were set up and run on a ViiA 7 Real-Time PCR System (Life 
Technologies) according to manufacturer’s specifications (Life Technologies) using 
gene specific probes and one or more a control probes (PP2AA3; At1g13320) designed 
by the manufacturer.  
Primers were designed by hand or using ProbeFinder software in the Universal Probe 
Library Assay Design Centre (Roche Applied Science, Germany) and synthesised by 
Geneworks Australia. Housekeeping genes were used as described in the text 
(geometric means of housekeepers were used for data analysis). Primer amplification 
efficiency was assessed by calculating the slope of a standard curve. Primers with poor 
efficiencies (90-110%) were re-designed. Fast Sybr Green Mastermix (Invitrogen) was 
used according to manufacturer’s instructions and samples were run on a ViiA 7 Real-
Time PCR System (Life Technologies). Melt curves were analysed to ensure specific 
primer specificity.  
For all qRT PCR assays, three biological replicates and three technical replicates were 
used. Outliers were omitted from analysis. Data was analysed in Excel using the ΔΔCT 
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method (Livak and Schmittgen, 2001) and statistical analysis was performed as 
described using Student’s t-test (Yuan et al., 2006).  
2.7 Vector construction and cloning 
PCR primers were designed to be compatible with the TOPO PCR Cloning kit for the 
Gateway Cloning system (ThermoFisher Scientific). CEP coding sequences were PCR 
amplified from WT Col-0 DNA using Phusion High Fidelity DNA Polymerase according to 
manufacturer’s instructions (New England Biolabs). PCR products were electrophorised 
on 0.8% agarose gel to validate product size and reactions were cleaned up using the 
QIAquick PCR Purification Kit (QIAGEN) according to manufacturer’s instructions. 
Fragments were directionally ligated into the TOPO Cloning vector (K4500; 
ThermoFisher Scientific) according to manufacturer’s instructions. Chemically 
competent DH5-α E.Coli cells (TOP10 cells from TOPO Cloning Kit K4500; ThermoFisher 
Scientific) were transformed with the vectors and were incubated at 37o C overnight on 
standard LB agar plates containing 100 µg/ml kanamycin for selection. Several colonies 
were then individually cultured in LB medium containing 100 µg/ml kanamycin 
overnight. Vectors were prepared using the Wizard Plus SV Miniprep DNA Purification 
System (Promega) according to manufacturer’s instructions. Products were sent to the 
Australian Genomics Resource Facility (Brisbane) for sequencing using M13F/R primers 
for validation. 
Following validation, an LR recombination reaction was performed per manufacturer’s 
instructions (Life Technologies) with the pK7WG2D binary destination vector (Karimi et 
al., 2002). Constructs were transformed into chemically competent DH5-α E.Coli cells, 
propagated as above and validated by PCR with a combination of vector and gene 
specific primers. Vectors were prepared as described above and transformed into 
electrocompetent Agrobacterium tumefaciens strain LBA4404 (Invitrogen) cells 
according to manufacturer’s instructions. 
2.8 Plant transformation 
A modified floral dip method was used for plant transformation (Clough and Bent, 
1998). Briefly, transformed Agrobacterium was cultured in 5 ml of LB (containing 
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appropriate antibiotics) at 30o C. Two hundred µl of this starter culture was used to 
inoculate 20 ml of LB and was cultured overnight at 30o C. Bacteria were harvested by 
centrifuging at 4000 g at 4o C for 30 min and were gently resuspended in 20 ml of 5% 
sucrose, 0.05% Silwet L-77 (Lehle Seeds) solution. Arabidopsis flower heads were then 
dipped into the solution and/or the solution was pipetted onto flower heads and 
plants were placed in the dark overnight. Plants were then left to grow normally for at 
least two weeks. Occasionally, plants were transformed again with the same construct 
after one week to increase efficiency. 
Seeds were harvested and screened for positive transformants on ½ MS agar plates 
containing 50 µg/ml kanamycin. Transformants were validated by PCR and/or qRT-PCR. 
2.9 Primer design and bioinformatic analyses 
Geneious Pro 5.6 (Biomatters) was used for primer design, sequence analyses, 
alignments and tree construction. The Arabidopsis thaliana genome (TAIR 9) was 
downloaded in .FASTA format from the TAIR FTP server 
(ftp://ftp.Arabidopsis.org/home/tair/Genes/TAIR9_genome_release/) and imported 
into Geneious for reference.  
2.10 Tissue preparation for microscopy 
2.10.1 Clearing roots for DIC microscopy 
Roots were cleared as described in Malamy and Benfey (1997). Briefly, samples were 
incubated in a small petri dish containing 0.24 N HCl and 20% methanol at 60o C for 30 
min. Samples were transferred to a solution of 7% NaOH in 60% ethanol for 15 min at 
room temperature. Roots were rehydrated by incubating in 40% ethanol, 20% ethanol 
and 10% ethanol solutions for 5 min each. Samples were infiltrated for 15 min in 5% 
ethanol, 25% glycerol. Roots were mounted on a microscope slide in 50% glycerol. 
2.10.2 Confocal microscopy 
To visualise cell walls, roots were stained with propidium iodide (PI; P4170; Sigma 
Aldrich). Whole seedlings were submerged in 100 µg/ ml PI in water for 2 min and 30 
sec. Samples were mounted in water on a slide under a coverslip for imaging. A Zeiss 
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LSM780-UV-NLO confocal laser scanning microscope was used. Images were acquired 
and analysis using Zen 2012 digital imaging software (Zeiss). 
2.11 Flow cytometry 
Samples were prepared based on the method described by Galbraith et al. (2001) and 
Dolezel et al. (2007). Root tips from at least 300 seedlings were excised using a razor 
blade and chopped in approx. 1 ml ice cold Galbraith’s buffer (45 mM MgCl2, 20 mM 
MOPS, 30 mM sodium citrate, 0.1% (vol/vol) Triton X-100.) for no more than 2 min. 
Samples were mixed by pipetting and passed through a 50 micron nylon mesh and 
centrifuged for 10-15 min at 150 g. The supernatant was removed, resulting in approx. 
200 µl of remaining liquid. Samples were stored on ice for up to 4 h. Approximately 20 
min before analysis, 100 µg/ml PI (P4170; Sigma Aldrich) was added and samples were 
vortexed. Samples were vortexed again prior to and during flow cytometry. Nuclei 
were analysed with a BD LSRFORTESSA flow cytometer (BD Biosciences) at the John 
Curtain Medical School Cytometry and Imaging Facility. Cell cycle analysis was 
performed with ModFitLT software (Verity Software House).  
2.12 DR5:Luc assays 
DR5 is a synthetic auxin responsive element used to monitor endogenous auxin levels 
(Ulmasov et al., 1997). The method for DR5:Luciferase (Luc) assays and imaging were 
based on methods described by Moreno-Risueno et al. (2010) but optimised for the 
equipment available at the ANU Research School of Biology as follows. Five mM 
potassium luciferin (LUCK-100; Gold Biotechnology) was pipetted onto seedling 10-15 
min prior imaging. Ten images with 30 second exposures were taken with a cooled 
Andor DV425-BV camera. The median of the 10 images was obtained using ImageJ 
software, which gave reproducible results (Fig. 1).  
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Figure 1. Optimised images of a seedlings containing DR5:Luc construct. Seedlings were grown vertically 
on ½ MS medium with 0.8% agar and 24 h light. Five mM potassium luciferin was pipetted onto the 
seedling 10-15 min prior imaging. 10 images with 30 second exposures were taken with a cooled Andor 
DV425-BV camera. The median of the 10 images was obtained using ImageJ software. 
This method allowed the visualization of static luminescent points, as opposed to the 
oscillatory pulsing observed only at the root tip described by Moreno-Risueno et al. 
(2010). In order to validate that these points did in fact mark the site of future lateral 
roots, several experiments were undertaken in consultation with members from the 
Benfey Lab. Firstly, the periodicity of luminescent point establishment was examined 
by performing a time course (Fig. 2). Results showed that on average, the periodicity of 
luminescent points was slightly higher (one every 8 h) than the 6 h reported by 
Moreno-Risueno et al. (2010).  
 
Figure 2. Images of a seedlings containing DR5:Luc construct at specified days post imbibition (dpi). Red 
arrows indicate the root tip, green line indicates root shoot junction. 
   3 dpi       4 dpi        5 dpi       6 dpi    
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Secondly, after initially imaging luminescent points on 6 day old plants, the root tips 
were cut off (to encourage lateral root emergence) and plants were left to grow for 3 
days before being imaged again. To examine whether LRs emerged from luminescent 
points, luminescent images from 6 dpi plants were overlayed on brightfield images 
from day 9 (Fig. 3). This revealed that the vast majority of LRs emerged only from 
luminescent points. On occasions, LRs did not develop from luminescent points, and 
more rarely, LRs emerged from points where there was no luminescence. It was 
therefore concluded that luminescent points were indicative of sites that had the 
potential to become lateral roots. 
 
Figure 3. Chemiluminescent images taken at 6 dpi overlayed on brightfield images taken at 9 dpi. 
 
The methods developed here were subsequently validated in a publication by Van 
Norman et al. (2014), who described the luminescent points as a measure “lateral root 
competency”. 
2.13 EdU assays 
EdU (5-ethynyl-2'-deoxyuridine) assays were performed to visualise cells in the root tip 
undergoing DNA synthesis (a hallmark of the S phase of the cell cycle). EdU staining 
and visualisation was performed as described in Kotogany et al. (2010). Briefly, 1 µM 
EdU (in appropriate MS medium) was added to wells/plates and incubated for 30 min. 
Samples were fixed with 4% (w/v) formaldehyde solution in phosphate-buffered saline 
(PBS) with 0.1% Triton X-100 for 30 min and washed 3 times with PBS. Alexa-Fluor-488 
azide was coupled to the EdU alkyne using the Click-It EdU Alexa Fluor 488 Imaging Kit 
(10337; ThermoFisher Scientific) according to manufacturer’s instructions. Briefly, 
|43| 
 
samples were incubated with the Reaction Cocktail in the dark for 30 min before being 
washed 3 times with PBS. Samples were mounted in water and observed with a Leica 
DM5500 microscope.   
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Chapter 3: The CEP family in 
Arabidopsis 
Part of this chapter has been published in: Delay, C., Imin, N., and Djordjevic, M.A. 
(2013). CEP genes regulate root and shoot development in response to environmental 
cues and are specific to seed plants. Journal of Experimental Botany 64, 5383-5394. 
3.1 Introduction 
Small, secreted regulatory peptides are an important class of signaling molecules 
involved in many aspects of shoot and root development. They arise from genes that 
typically encode an N-terminal secretion signal, one or more conserved peptide 
domains and variable regions that flank one or both sides of the discrete peptide 
domains.  The precursor proteins undergo processing to form the mature peptide 
product. Many peptides also undergo post-translational modifications, such as 
hydroxylation, sulfation and arabinosylation (Matsubayashi, 2012). Most regulatory 
peptides act as extracellular signalling molecules that are ligands for membrane bound 
receptors and therefore are thought to act via non-cell-autonomous mechanisms.  
Several families of regulatory peptides have been described and are defined by 
homology of the peptide domain including CLE (CLAVATA3/ESR-related; Cock and 
McCormick, 2001), RGF (ROOT GROWTH FACTOR; Matsuzaki et al., 2010; Meng and 
Feldman, 2010; Whitford et al., 2012), IDA (INFLORESCENCE DEFICIENT IN ABCISSION; 
Butenko et al., 2003) and CEP (C-TERMINALLY ENCODED PEPTIDE; Ohyama et al., 
2008). Recent work has implicated small peptide signals in many aspects of root 
growth and development, including meristem maintenance, gravitropism, lateral root 
development and protoxylem differentiation (Delay et al., 2013a).  
The CEP (C-TERMINALLY ENCODED PEPTIDE) family was discovered using an in silico 
approach (Ohyama et al., 2008). The founding five members of this family in 
Arabidopsis were characterized by a conserved 15 amino acid peptide domain at or 
near the C-terminus. The mature product was shown to be a 14 or 15 amino acid 
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peptide containing one or two hyroxylated proline residues (at positions 4 and 11) and 
the 15 amino acid peptide was reported to be biologically active on roots. Over-
expression of AtCEP1, which was mainly expressed in the shoot apical meristem and LR 
primordia during development, resulted in reduced primary and lateral root elongation 
as well as a smaller shoot system. Confocal imaging showed that CEP1 over-expression 
roots had a reduced number of meristem cells (Ohyama et al., 2008).  
Aside from the above study on CEP1, little was known about the CEP family when the 
thesis was initiated. A number of tools and strategies have been employed to elucidate 
the function and mechanism of other signalling peptide families in plants (reviewed in 
Chapter 1, Section 3). These include in silico analyses (Oelkers et al., 2008), synthetic 
peptide assays (Fiers et al., 2005), over-expression (Jun et al., 2010; Fernandez et al., 
2013), analysis of expression patterns (Jun et al., 2010; Fernandez et al., 2013) the use 
of antagonistic peptide technology (Song et al., 2013) and studies based on peptide 
receptor mutants (Tabata et al. 2014). In this chapter, the CEP family was explored in 
more detail using these strategies. Key questions answered in this chapter include: 
1. What is the relationship between Arabidopsis CEPs at the gene, protein and 
peptide domain levels? 
2. What conditions affect CEP expression in roots and shoots? 
3. What aspects of development are affected by CEP mis-expression? 
4. How do the amino acid sequence and post-translational modifications of the 
peptide ligand affect bioactivity? 
A further ten Arabidopsis CEPs were found using a bioinformatic approach (personal 
comm. Nijat Imin and Huw Ogilvie; Ogilvie et al. 2013; Table 1). Expression analyses 
were performed to understand what processes CEP genes are involved in. Transgenic 
plants over-expressing different CEP genes were used to explore the effect of different 
CEPs on plant development more generally. Synthetic peptide structure-function 
assays were used to examine the relevance of different residues and post-translational 
modifications in the CEP peptide ligand.  
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3.2 Chapter-specific methods 
3.2.1 Data mining analyses  
To instigate analysis of CEP expression profiles in Arabidopsis, Genevestigator was used 
(Hruz et al., 2008). Data were filtered to show only results with a fold change greater 
than 1.5 and a P value of < 0.05. 
3.2.2 Over-expression constructs and plant transformation 
To make over-expression constructs, CEP2, CEP3, CEP4, CEP5, CEP6 and CEP9 coding 
sequences were PCR amplified from genomic DNA and cloned into the pENTR D-TOPO 
vector (ThermoFisher Scientific). An LR recombination reaction was performed per 
manufacturer’s instructions (ThermoFisher Scientific) with the pK7WG2D destination 
vector (Karimi et al., 2002). Constructs were transformed into Agrobacterium 
tumefaciens strain LBA4404 (Invitrogen), which was used to transformed the vector 
into Col-0 plants using the floral dip method (Clough and Bent, 1998). Over-expression 
was confirmed by qRT-PCR in selected independent lines (independent lines are 
identified by different numbers). All lines used in assays in this chapter were at least 
generation T3.  
3.3 CEP genes in Arabidopsis  
Five CEP genes were found previously in the Arabidopsis genome (Ohyama et al., 
2008). Using a bioinformatic approach, an additional ten CEP genes were identified 
(Delay et al., 2013b; Roberts et al., 2013)(Table 1). Four of the novel CEP genes were 
un-annotated (CEP7, CEP8, CEP10 and CEP11) and one (CEP6) was annotated as the 
first exon of an unrelated gene (TAIR10). Each AtCEP encodes a small protein (77-133 
amino acids) with a predicted signal peptide and one or more CEP domains except 
CEP9, which possesses five CEP domains and encodes for a larger protein of 230 amino 
acids.  
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Table 1. CEP genes in Arabidopsis. The CEP genes identified in a previous study (Ohyama et al., 2008) are 
indicated with underscores. Naming of CEPs identified in the Djordjevic lab was aligned with Roberts et 
al. (2013). 
 
Gene 
name 
Locus AGI 
Coordinates 
Signal P 
Score 
Peptide 
domain 
name 
Peptide domain 
sequence 
CEP1 At1g47485 17422448 - 
17423066 
0.84 CEP1 DFRPTNPGNSPGVGH 
CEP2 At1g59835 22025041 - 
22025421 
0.68 CEP2.1 DFAPTNPGDSPGIRH 
    CEP2.2 EFAPTNPEDSLGIGH 
CEP3 At2g23440 9979405 - 
9979819 
0.96 CEP3 TFRPTEPGHSPGIGH 
CEP4 At2g35612 14955241 - 
14955501 
0.83 CEP4 AFRPTHQGPSQGIGH 
CEP5 At5g66815 26677365 - 
26677865 
0.81 CEP5 DFRPTTPGHSPGIGH 
CEP6 At5g66816 26681495 - 
26681800 
0.82 CEP6.1 DFGPTSPGNSPGVGH   
      CEP6.2 DFEPTTPGHSPGVGH 
CEP7 Between 
At5g66816 & 
At5g66820 
26683388 - 
26683615 
0.99 CEP7 AFRPTNPGNSPGIGH 
CEP8 Between 
At5g66816 &  
At5g66820 
26686261 - 
26686521 
0.97 CEP8 EFRPTTPGNSPGIGH 
CEP9 At3g50610 18779723 - 
18780412 
0.77 CEP9.1 DFVPTSPGNSPGVGH 
   CEP9.2 DFAPTSPGHSPGVGH 
    CEP9.3 DFAPTSPGNSPGIGH 
    CEP9.4 DFAPTTPGNSPGMGH 
    CEP9.5 DFKPTTPGHSPGVGH 
CEP10 Between 
At1g36040 & 
At1g36050 
13448921 - 
13449316 
0.90 CEP10.1 DFAPTNPGHNSGIGH 
  CEP10.2 DFAPTNPGHSPGIGH 
      CEP10.3 DFAPTNPGNSPGIRH 
CEP11 Between 
At2g23440 & 
At2g23450 
9986193 - 
9986504 
0.84 CEP11 AFRSTEPGHSPGVGH 
CEP12 Exon 1 of 
At1g31670 
11337558 - 
11337836 
0.94 CEP12 AFRPTGQGPSQGIGH 
CEP13 At1g16950 5796009 - 
5796559 
0.90 CEP13 IYRRLESVPSPGVGH 
CEP14 At1g29290 10244966 - 
10245572 
0.57 CEP14 VDRYLRSVPSPGVGH 
CEP15 At2g40530 16927502 - 
16928208 
0.45 CEP15 IYRRQGDVPSPGIGH 
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The defining feature of the CEP family is the conserved CEP peptide domain, a 15 
amino acid sequence. In general, the whole CEP domain was very highly conserved 
between CEPs1-12 (Fig. 1A). Residues 3 and 6 were the most variable whereas the last 
6 residues were generally strictly conserved, perhaps reflecting their importance in 
biological interactions or more specifically in receptor interactions. CEPs13-15 had 
much greater variability in the CEP domain, with only the last 6 residues being highly 
conserved. The relationship between the 15 CEP domains was examined by building a 
tree (Fig. 1B). CEPs 13-15 clustered separately to the other 12 CEP genes, highlighting 
the difference in their sequences. Due to these differences, CEPs13-15 were termed 
Group II CEPs. Interestingly, domains that arose from the same precursors did not 
necessarily cluster together.  
 
Figure 1. Relationship between Arabidopsis CEP peptide domains. CEP domains were aligned using 
Geneious. Black shading indicates <80% similarity, dark grey = 60-80% similarity, light grey = 40-60% 
similarity, no shading indicates > 40% similarity. 
 
Regulatory peptide precursors tend to have highly conserved peptide domains, but the 
rest of the precursor sequence tends to be variable. To examine if there were any 
residues required for processing the peptide domain from the precursor, the C-termini 
(+10 residues upstream of the peptide domain) of CEPs1-12 were aligned (Fig. 2). 
There was a trend towards having an asparagine or aspartic acid at the position 
immediately preceding the peptide domain, however, this was not the case for all 
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CEPs. Additionally, there was no conservation in the C-terminal extension, with some 
CEPs having up to 9 extra residues and some having none. 
 
Figure 2. Alignment of CEP precursor C termini. CEP domains + 10 residues upstream and all residues 
downstream were aligned using Geneious. Black shading indicates <80% similarity, dark grey = 60-80% 
similarity, light grey = 40-60% similarity, no shading indicates > 40% similarity. 
 
Several CEPs showed internal expansion of the CEP domain (Fig. 3). The two CEP2 
domains differed by about 25%, which is quite remarkable for a peptide that is only 15 
amino acids in length. Differences included G8 (small, hydrophobic) to E (negatively 
charged), P11 (potential for post-translational modification) to L (hydrophobic, 
aliphatic) and R14 (positively charged) to G (small, hydrophobic). The two CEP6 and 
CEP10 domains differed by ≤20%, and the substitutions were generally not as extreme. 
In contrast to this, the variation between the 5 domain sequences of CEP9 were 
minimal.  
 
Figure 3. Alignment of selected CEP domains. CEP domains were aligned using Geneious. Black shading 
indicates identical residues. Grey shading indicates <50% similar residues. 
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Furthermore, CEP genes were often located in close proximity to each other in the 
genome. CEP3 and CEP11 were located in tandem on chromosome 2 and CEP5, CEP6, 
CEP7 and CEP8 were also arranged sequentially on chromosome 5. Analysis of the 
amino acid sequences of these preproproteins showed no significant similarity in the 
N-terminal signal peptide or variable region (Fig. 4). The variable region of CEP11 had a 
large insertion of polar His and Glu residues compared to the CEP3 variable region (Fig. 
4B). Of the 10 residues immediately preceding the CEP3 and CEP11 peptide domains, 
only 2 were identical (Fig. 4B). The peptide domain sequences were fairly similar and 
both preproproteins had a four amino acid C-terminal extension. CEP5 was clearly 
different to CEPs6-8, with a longer variable region that did not share sequence 
similarity (Fig. 4A). Again, the peptide domain sequences of CEPs 5-8 were quite 
similar. 
 
Figure 4. Alignments of full length CEP preproproteins. Amino acid sequences CEP preproproteins were 
aligned using Geneious. Black shading indicates identical residues. Grey shading indicates <50% similar 
residues. 
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3.4 AtCEPs are induced by environmental cues and show tissue specific 
expression 
To investigate CEP gene regulation in Arabidopsis, publicly available data for CEP 
expression profiles were searched. Of the 12 highly conserved CEP genes, only 5 (CEP1, 
3, 5, 9, 13 and 15) were represented on the Affymetrix Arabidopsis microarray chip. 
AtCEP3, CEP5 and CEP9 were significantly induced by environmental conditions, 
particularly nutrient deficiency and abiotic stress (Table 2). For all three genes, nitrate 
starvation (relative to untreated seedlings) was one of the top three conditions under 
which a significant induction in gene expression occurred. Indeed for CEP3, this was 
the only condition where induction was seen at all. CEP5 was highly induced in 
numerous hypoxia studies as well as during germination and shift to low pH. CEP9 was 
also induced in hypoxia studies and during germination and was extremely highly 
induced during callus formation. Additionally, AtCEP9 was found to be one of the 31 
signature genes up-regulated by elevated field CO2 (Li et al., 2006). CEPs1, 13 and 15 
were induced by a range of conditions. Notably, CEP1 was induced by IAA treatment 
(in many different Arabidopsis ecotypes), but not by nitrate starvation. CEPs13 and 15 
were both induced by biotic stress, including Pseudomonas syringae and 
Golovinomyces cichoracearum infection.  
Table 2. Relative change in expression levels for CEP3, CEP5, CEP9, CEP13 and CEP15 under various 
conditions. Data obtained from Genevestigator (Hruz et al., 2008) filtered for induction only with 
minimum expression change of 1.5 fold and p < 0.05. Green highlight indicates the top 3 conditions. 
Specific details of studies undertaken can be found at www.genevestigator.com. 
 
Stimulus Fold Change 
CEP1  
cold study 6 (Coi) / 20° C/18° C treated rosette samples (Coi) 1.94 
decapitation / axillary bud samples (Col-0) 1.51 
IAA + Dex / mock treated iaa1GR seedlings 3.49 
IAA study 2 / solvent treated seedlings 1.51 
IAA study 3 / solvent treated seedlings 1.78 
IAA study 6 / mock treated iaa1GR seedlings 2.40 
IAA study 7 (Sha) / untreated seedling samples (Sha) 1.54 
IAA study 8 (Bay-0) / untreated seedling samples (Bay-0) 3.49 
IAA study 8 (Bl-1) / untreated seedling samples (Bl-1) 2.03 
IAA study 8 (Bur-0) / untreated seedling samples (Bur-0) 3.70 
IAA study 8 (C24) / untreated seedling samples (C24) 1.74 
IAA study 8 (Fei-0) / untreated seedling samples (Fei-0) 1.86 
IAA study 8 (Sha) / untreated seedling samples (Sha) 2.13 
long day (cs26) / short day study 2 (cs26) 1.51 
pollen-pistil interaction ( 8.0 hap) / unpollinated pistil samples 2.01 
shift SD to LD (5d) / short day shoot apex samples at 16°C (Col-0) 1.95 
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Stimulus Fold Change 
 CEP3   
nitrate starvation / untreated seedlings 1.66 
 CEP5  
GA4 study 4 (3h) / untreated Pcga2ox1 hypocotyl samples (3h) 2.71 
germination (48h) / seed desiccation 2.29 
germination (48h) / stratification (48h) 2.45 
hypoxia study 15 (p35S:HF-RPL18) / mock treated p25S:HF-RPL18 root samples 2.12 
hypoxia study 17 (pGL2:HF-RPL18) / mock treated pGL2:HF-RPL18 root samples 2.49 
hypoxia study 17 (pPEP2:HF-RPL18) / mock treated pPEP2:HF-RPL18 root samples 2.52 
hypoxia study 17 (pRPL16B:HF-RPL18) / mock treated pRPL16B:HF-RPL18 root samples 2.93 
hypoxia study 17 (pSHR2:HF-RPL18) / mock treated pSHR2:HF-RPL18 root samples 3.36 
hypoxia study 17 (pSUC2:HF-RPL18) / mock treated pSUC2:HF-RPL18 root samples 4.04 
hypoxia study 17 (pWOL:HF-RPL18) / mock treated pWOL:HF-RPL18 root samples 2.70 
hypoxia study 9 (AtERF73/HRE1-RNAi20) / untreated root samples (AtERF73/H... 5.57 
hypoxia study 9 (Col-0) / untreated root samples (Col-0) 3.43 
iron deficiency / protoplasting / iron deficiency study 8 (24h) 7.18 
light study 4 (cli186) / dark grown cli186 seedlings 1.53 
KNO3 study 2 (root) / mock treated root samples (Col-0) 1.96 
KNO3 study 5 (1.5h) / N depletion study 2 2.13 
N depletion (Col-0) / Seedlings grown under N-replete condition (Col-0) 3.36 
nitrate starvation / untreated seedlings 6.38 
P deficiency (late) / high Pi treated whole plant samples (late) 1.65 
P deficiency study 4 (root) / mock treated root samples (Col-0) 1.66 
shift NPA to naxillin (2h) / NPA study 3 3.11 
shift to pH 4.6 (24h) / mock treated root samples (24h) 1.56 
shift to pH 4.6 (6h) / mock treated root samples (6h) 1.55 
sucrose study 3 (Col-7) / untreated seedlings (Col-7) 1.54 
sulfur deficiency study 2 (3h) / mock treated root samples 2.45 
 CEP9  
2,4-D + kinetin (ckh1-1) / 2,4-D study 2 (ckh1-1) 1.98 
2,4-D + kinetin study 2 (ckh1-1) / 2,4-D study 2 (ckh1-1) 4.83 
blue study 2 / low light grown seedlings (Col-0) 1.54 
callus formation study 3 (25d + 1d) / untreated hypocotyl samples (35d) 34.97 
callus formation study 3 (7d + 1d) / untreated hypocotyl samples (7d) 11.66 
GA4 study 4 (3h) / untreated Pcga2ox1 hypocotyl samples (3h) 1.76 
germination (48h) / seed desiccation 1.69 
germination (48h) / stratification (48h) 2.99 
glucose (4h) / untreated seedlings 1.59 
hypoxia study 17 (p35S:HF-RPL18) / mock treated p35S:HF-RPL18 root samples 1.90 
hypoxia study 17 (pSCR:HF-RPL18) / mock treated pSCR:HF-RPL18 root samples 1.72 
hypoxia study 17 (pSUC2:HF-RPL18) / mock treated pSUC2:HF-RPL18 root samples 5.31 
hypoxia study 17 (pWOL:HF-RPL18) / mock treated pWOL:HF-RPL18 root samples 2.16 
lincomycin+R+B (0.5umol m-2 s-1) / R+B (0.5umol m-2 s-1)  1.52 
KCl / KCl (48h) / KNO3 / KNO3 (48h) 1.52 
N depletion (Col-0) / Seedlings grown under N-replete condition (Col-0) 4.07 
nitrate starvation / untreated seedlings 5.83 
primisulfuron-methyl (24h) / mock treated leaf samples (24h) 1.87 
selenate / untreated root samples 2.14 
sulfometuron methyl (24h) / mock treated leaf samples (24h) 5.18 
CEP13   
P. syringae pv. syringae study 2 (OE7a-1) / non-infected leaf samples (OE7a-1) 1.78 
P. syringae pv. syringae study 2 (OE7a-1) / P. syringae pv. syringae (OE7a-1) 2.13 
P. syringae pv. tomato study 17 (lht1-1) / untreated leaf samples (lht1-1) 1.60 
16° C (det3) / untreated etiolated seedlings (det3) 1.71 
ABA + MeJa (3h) / solvent treated cell samples (3h) 1.61 
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Stimulus Fold Change 
low nitrogen / high nitrogen treated rosette samples 1.53 
long day (cs26) / short day study 2 (cs26) 1.54 
CEP15  
2,4-D + kinetin study 2 (ckh2-1) / 2,4-D study 2 (ckh2-1) 1.68 
BL/H3BO3 (10d) / untreated cell culture samples 4.72 
BL/H3BO3 (2d) / untreated cell culture samples 7.91 
BL/H3BO3 (4d) / untreated cell culture samples 5.51 
BL/H3BO3 (6d) / untreated cell culture samples 7.07 
BL/H3BO3 (8d) / untreated cell culture samples 5.73 
callus formation (12h) / untreated root samples 3.35 
callus formation (24h) / untreated root samples 5.05 
callus formation (48h) / untreated root samples 7.94 
callus formation (96h) / untreated root samples 6.21 
cold / cordycepin (24h+1h) / cordycepin (1hr) 1.52 
cold study 2 (late) / untreated root samples (late) 2.45 
dark / 21°C (640 and 1280 min) / moderate light / 21° C (640 and 1280 min) 1.92 
G.cichoracearum study 2 (18h) / non-infected whole rosette sample (Col-0) 1.74 
G.cichoracearum study 2 (36h) / non-infected whole rosette sample (Col-0) 2.01 
P. syringae pv. Tomato study 11 (Ler) / untreated leaf disc samples (Ler) 1.74 
iron deficiency / protoplasting / iron deficiency study 8 (24 h) 1.91 
salicylic acid study 7 (npr1-1 sni1 ssn2-1) / solvent treated whole plant samples 1.60 
 
On the basis of the in silico expression analysis, together with preliminary data 
obtained within the lab (Radzman, Imin and Djordjevic, 2012, personal 
communication) it was hypothesised that CEPs were responding primarily to 
environmental stimuli. To investigate this further, the expression of six Group I CEPs 
and three Group II CEPs were examined under various growth conditions. Plants were 
grown for six days on standard ½ MS medium before being transferred to various 
treatments for 24 h (Table 3). The expression of all CEP genes was perturbed by the 
environmental stimuli tested in the root or shoot tissues or both, except for CEP15. As 
the environmental stimuli tested were by no means comprehensive, it is possible that 
CEP15 expression is responsive to other environmental factors. These results suggest 
that CEP1 and CEP2 are not detectable in the root under the conditions tested using 
Taqman probes.  
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Table  3. CEPs are induced by environmental cues. Plants were grown on standard ½ MS medium for 6 days before being transferred to specified treatments or to ½ 
MS medium (control). Root and shoot tissue was harvest 24 h after transfer. qRT-PCR was performed using Taqman probes and data was analysed using the ΔΔCT 
method. Expression shown is relative to a control treatment (transfer to standard ½ MS medium for 24 hours). n.d. indicates no reproducible data could be obtained, 
suggesting genes are not expressed. n.t. indicates not tested. Fold change ± standard error is shown. *P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001. Green highlight indicates 
significant results. 
Tissue  Treatment CEP1 CEP2 CEP3 CEP4 CEP5 CEP9 CEP13 CEP14 CEP15 
root 
0 mM  
nitrogen n.d. n.d. 
10.15 ± 
0.58*** 1.60 ± 0.23* 2.13 ± 0.21** 1.30 ± 0.14 1.61 ± 0.80 1.04 ± 0.14 1.05 ± 0.08 
0.25 mM 
nitrate n.d. n.d. 1.31 ± 0.08 1.17 ± 0.12 1.79 ± 0.08*** 1.29 ± 0.35 2.29 ± 0.08 1.09 ± 0.02 0.82 ± 0.06 
0.25 mM 
NH4Cl n.d. n.d. 1.36 ± 0.03 1.26 ± 0.05* 0.71 ± 0.02*** 0.48 ± 0.02*** 2.31 ± 0.26 1.21 ± 0.03 0.84 ± 0.03 
100 mM 
mannitol  n.d. n.d. 0.57 ± 0.13 2.35 ± 0.49* 1.08 ± 0.21 0.34 ± 0.03** 2.67 ± 0.66 0.87 ± 0.06 1.25 ± 0.16 
100 mM 
NaCl n.d. n.d. 2.00 ± 0.13* 
1.68 ± 
0.17** 1.08 ± 0.08 1.70 ± 0.41 1.00 ± 0.15 1.48 ± 0.29 1.04 ± 0.04 
1000 ppm 
CO2 n.d. n.d. 0.18 ± 0.03*** 1.02 ± 0.1 1.11 ± 0.13 0.90 ± 0.41 0.58 ± 0.44 1.15 ± 0.04* 1.23 ± 0.06 
shoot 
0 mM  
nitrogen 4.40 ± 0.97** 
0.46 ± 
0.06** 1.16 ± 0.16 0.70 ± 0.09 0.65 ± 0.10 1.39 ± 0.18 0.62 ± 0.01* 0.96 ± 0.07 0.89 ± 0.04 
0.25 mM 
nitrate 3.72 ± 0.11** 4.94 ± 3.18* 5.89 ± 0.37*** 4.34 ± 4.91 3.62 ± 2.08 n.t. n.t. n.t. n.t. 
0.25 mM 
NH4Cl 0.80 ± 0.03 0.63 ± 0.08* 1.14 ± 0.11 1.01 ± 0.91 1.7 ± 0.51 n.t. n.t. n.t. n.t. 
100 mM 
mannitol  4.79 ± 0.56*** 1.28 ± 0.08* 2.49 ± 0.34** 1.86 ± 0.16* 1.83 ± 0.16* 1.50 ± 0.04 1.63 ± 0.23 3.82 ± 0.46** 1.04 ± 0.08 
100 mM 
NaCl 2.85 ± 0.26** 0.77 ± 0.26 1.75 ± 0.98 1.53 ± 0.93 1.05 ± 0.65 1.75 ± 0.63 0.77 ± 0.41 1.26 ± 0.01 0.85 ± 0.15 
1000 ppm 
CO2 1.29 ± 0.09 0.94 ± 0.14 1.45 ± 0.12 1.65 ± 0.46 1.04 ± 0.19 1.06 ± 0.06 1.06 ± 0.06 1.06 ± 0.06 1.06 ± 0.06 
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The most notable perturbation was a ten-fold increase in CEP3 expression in the roots 
under nitrogen depletion. This induction was not seen in the shoots, or under nitrogen 
limiting conditions in the roots. However, significant induction in the shoots was seen 
under low nitrate (i.e. 0.25 mM), but not limitation of ammonium. These data indicate 
that the response of CEP3 to low nitrogen is both tissue and nitrogen source specific. 
These results are further corroborated by Tabata et al. (2014), who found that CEP3 
was induced significantly following 6, 24 and 48 h hours of nitrogen starvation. CEP3 
was up-regulated two-fold in response to increased salt levels in the roots and 
increased osmotic strength in the shoots. CEP3 was down-regulated in response to a 
24 h exposure to increased CO2 levels in the roots only. 
The expression of other CEP genes was also perturbed under the conditions tested. 
CEP4 expression was induced in the roots by nitrogen depletion and ammonium 
limitation, but not by nitrate limitation. The strongest induction in CEP4 expression 
was seen by increased osmotic strength in both the roots and shoots. CEP5 was 
induced in the roots under nitrogen depletion and nitrate limitation, and repressed 
under ammonium limitation. The only change in CEP13 expression was repression seen 
in the shoots under nitrogen depletion. CEP14 expression was increased slightly in the 
roots under increased CO2 levels and more strongly in the shoots under increased 
osmotic pressure. 
CEP1 was up-regulated in the shoots under nitrogen depletion and nitrate limitation, 
but not ammonium limitation. Increased osmotic strength and increased salt levels 
also induced CEP1 in the shoots.  CEP2 expression was down-regulated in the shoots 
under nitrogen depletion and ammonium limitation, but was induced by nitrate 
limitation. Using a promoter-GUS fusion, Ohyama et al. (2008) showed that CEP1 was 
expressed in 14-day-old plants in the shoot apical meristem and in developing lateral 
root primordia. Using qRT-PCR, it was also shown that CEP2 was expressed in roots 
(Ohyama et al., 2008). The discrepancy in our results may be due to the fact that 7-
day-old plants do not have many lateral root primordia and as we were taking whole 
root samples the expression may have been diluted. Additionally, the expression of 
CEP1 and CEP2 in the roots may be induced by other factors not tested in this assay. 
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CEP9 expression was repressed under ammonium limitation as well as increased 
osmotic strength in the roots. The expression of CEP9 was not significantly induced in 
either roots or shoots. Surprisingly, we did not see a change in CEP9 expression under 
increased CO2 levels as it has been reported to be a signature gene induced by 
elevated field CO2 levels (Li et al., 2006) . There are several differences in experimental 
conditions that may account for this discrepancy. Firstly, Li et al. (2006) grew plants in 
the field, in soil, not on plates. Secondly, above-ground parts of older plants exposed 
to CO2 for 12 days were analysed, compared to the 24 h exposure in these 
experimenets. Thirdly, plants were exposed to CO2 at 550 ppm, whereas they were 
exposed to 800 ppm here. These differences in conditions are likely to contribute to 
the differences in CEP9 expression observed in our study. 
The data presented here indicated that CEP expression is perturbed by different 
environmental stimuli. This implicates CEPs as regulators of plant development in 
response to environmental stress. Expression changes were specific to roots and 
shoots and each CEP gene tested had a different expression profile. 
3.5 Over-expression reveals a role for CEPs in root and shoot 
development 
To investigate the roles of CEPs in plant development, over-expression lines were 
created. It has been shown previously that CEP over-expression results in an increase 
in both CEP transcript levels as well as endogeneous CEP peptide levels (Ohyama et al. 
2008). Six CEP genes were cloned, put under the control of a constitutive cauliflower 
mosaic virus 35S promoter and transformed into a Col-0 background. Positive lines 
were selected using antibiotic resistance and the extent of over-expression was 
verified to be at least 235-fold in all T2 or T3 lines with qRT-PCR.  
To examine the phenotypes of young plants over-expressing CEP genes, lines were 
grown on plates containing standard ½ MS medium and analysed after 12 days. A 
significant decrease in primary root length in all CEP over-expression lines was 
observed (Fig. 5A and B). The most severe decrease was seen in the p35S:CEP3 and 
p35S:CEP4 lines. While the primary root length of all lines tested was reduced, some 
unique phenotypes were observed on plates. The shoots of the p35S:CEP3 and 
p35S:CEP4 lines were significantly larger than in the WT lines, even though the root 
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growth was severely impaired. Fresh weight measurements showed the shoots of 
these lines were double the weight of WT shoots (Fig. 5C). This increase in shoot size 
was not observed in the other over-expression lines (Fig. 5B). 
 
Figure 5. CEP over-expression (p35S:CEP) affects root architecture and shoot growth. (A-B) Primary root 
length of CEP over-expressing lines. Plants were grown on standard ½ MS medium for 12 days. n = 9-27 
plants. (C) Root and shoot fresh weight of CEP3 or CEP4 over-expression lines. Plants were grown on 
standard ½ MS medium for 12 days. n ≥ 13 plants. Scale bar = 1 cm 
 
To further investigate the shoot phenotypes, the over-expression lines were grown in 
pots (Fig. 6). The phenotypes observed were diverse and unique to each over-
expression line. Five-week old p35S:CEP2 plants had fewer rosette leaves, delayed 
flowering and altered leaf morphology, showing flat, round leaves. p35S:CEP3 lines 
displayed leaf morphology defects including epinasty, leaf yellowing and reduced 
rosette size. p35S:CEP4 plants showed a similar phenotype to p35S:CEP3, although 
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plants appeared to be larger overall. p35S:CEP6 and p35S:CEP9 plants were not as 
severely affected, but showed epinasty and yellowing. p35S:CEP9 lines also show 
reduced rosette size. Combining the results from plate and pot assays, those peptides 
that elicited a more severe root phenotype also displayed a much more severe shoot 
phenotype.  
 
Figure 6. CEP over-expression (p35S:CEP) affects shoot architecture. Phenotypes of 5-week-old Col-0 and 
CEP over-expression lines grown in soil. Scale bar = 1 cm.  
3.6 Activity of synthetic CEP variants in Arabidopsis 
A previous report described the mature product of CEP1 as a 14 or 15 amino acid 
peptide with either one or two hydroxylated proline residues (Ohyama et al., 2008). 
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Treating plants with a synthetic 15 amino acid CEP1 peptide (with prolines 4 and 11 
hydroxylated) at 10-6 M to 10-7 M inhibited root growth and generated a phenotype 
similar to CEP1 over-expression (Ohyama et al., 2008). To examine the effects of 
different peptide sequences and post-translational modifications of a wider range of 
CEP domains, the phenotypic activity of CEP3, CEP5 and CEP9 variants as well as a 
scrambled peptide based on the amino acid sequence of CEP5 H was explored (Fig. 7).  
 
Figure 7. CEP structure-function assays. (A) CEP peptides used in growth assays. (hyP) indicates 
hydroxyproline residues. (B) Alignment of CEP3, CEP5 and CEP9.1 peptide domains. (C) Primary root (PR) 
length and lateral root (LR) density (# LRs/ cm of primary root) of 12-day-old Col-0 plants grown on 
standard ½ MS medium supplemented with 1 µM of the specified peptide. (D) Differential biological 
activity of CEP3, 5 and 9 peptide variants. The histogram indicates the lowest concentration at which a 
peptide elicited a significant reduction in PR length compared to untreated plants (P > 0.05). Col-0 plants 
were grown vertically for 12 days on standard ½ MS medium supplemented with peptide concentrations 
ranging from 10-6 M to 10-12 M. n =7 - 16 plants. Error bars show standard error. * p ≤0.05; ** p ≤0.005; 
***p ≤0.001. 
 
All of the CEP variants, applied to plants at 10-6 M, (except the control scramble 
peptide) decreased primary root length, and all except CEP3 and CEP5H significantly 
decreased lateral root density (Fig. 7C). 
As expected, the scrambled peptide showed no effect on root growth. The severity of 
the phenotypic effects of CEP variants was dependent on the peptide sequence as well 
as the modification added. CEP3 H and CEP5 H both severely affected primary root 
length, reducing it to about half that of untreated plants. These two peptide variants 
are very similar in amino acid sequence, with only three residues differing and the last 
nine residues being identical (Fig. 7B). CEP9.1 and CEP9.1 H had a much weaker effect 
on primary root length, but also reduced lateral root density. Two of the C-terminal 
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nine residues of CEP9.1 are different (but synonymous) to CEP3 H and CEP5 H. Thus, 
the C-terminal residues play a crucial role in peptide activity, potentially as they are 
required for interaction with receptors.  
To determine the differential biological activity of each peptide, a titration was 
performed using primary root length as an indicator of biological activity (Fig. 7D). 
CEP3 H, which had the most severe effect on overall root architecture (Fig. 7B), was 
active at 10-8 M. Biological activity was seen with CEP5 H at 10-9 M. CEP9.1 H was 
active at a lower concentration than the non-hydroxylated CEP9.1, even though the 
effect of CEP9.1 H on primary root length at 10-6 M was less severe. These data suggest 
both domain sequence and modifications determine functional activity and may 
present an avenue for regulation of peptide activity through post-translational 
modification.  
The analyses in Section 3.3 highlight that the SPG(I/V)GH sequence at the C-terminus 
of CEP peptides is highly conserved in group I and group II CEPs. To test the importance 
of different residues in the CEP3 peptide, an alanine scan of the last 6 residues of CEP3 
was done (Fig. 8). 
 
Figure 8. Alanine scan of terminal residues of the CEP3 peptide. (A) CEP3 peptide variants used in 
growth assays. (hyP) indicates hydroxyproline residues.  (B) PR length of 12-day-old Col-0 plants grown 
on standard ½ MS medium supplemented with 1 µM of the specified peptide. n > 35 seedlings. Error 
bars show standard error. * p ≤0.05; ** p ≤0.005; ***p ≤0.001. 
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As expected, plants treated with CEP3 H (peptide 9) had significantly shorter primary 
roots compared to peptide 1 (scramble peptide; Fig. 8). Deleting the terminal His 
residue (pep. 2) or changing Ser10 or Pro11 to Ala (pep. 3 & pep. 4) or Gly8 (to Thr; 
pep. 7) abolished the activity of the peptide altogether, indicating these residues are 
essential for peptide function. Changing the highly conserved Gly12 (pep. 5) and Gly14 
(pep. 6) residues surprisingly did not abolish activity, however the reduction in PR 
length was not as severe compared to treatment with CEP3 H. Similarly, treatment 
with peptide 8 (CEP3 with three hydroxylated proline residues) significantly reduced 
PR length, but not to the same extent as treatment with CEP3 H (pep. 9). 
3.7 Discussion 
3.7.1 The Arabidopsis CEP family  
Peptide families are defined by conserved, peptide coding domains. Most peptide 
families include multiple classes of peptides, defined in most cases by sequence 
similarity (eg. CLEs, RGF, RALF, IDA, phytosulfokine) but in some cases also by 
biological activity (eg. systemins) (Ryan and Pearce, 2003). Subsequent biological 
analyses tend to confirm groupings based on sequence similarity, highlighting the 
importance of the conserved peptide domain sequence in biological activity. Prior to 
this study, the Arabidopsis CEP family was reported to contain only five members 
(Ohyama et al., 2008) and only one of these members had been studied to any extent. 
A further 10 CEP genes in Arabidopsis were identified (Delay et al., 2013b). The aims of 
this chapter were to analyse in detail the relationship between Arabidopsis CEP family 
members, to explore the expression patterns of CEP family members and to examine 
biological function by mis-expressing CEP genes and synthetic peptide variant 
application.  
Based on analysis of the peptide domain sequence and phylogenetic relationships 
between the domains, (Fig. 1) two classes of CEPs were apparent. Group I CEP domains 
shared strong homology across the entire 15 amino acid peptide domain, except for 
residues 3 and 6, which appeared to be variable. Group II CEP domains showed strong 
homology only in the last six residues, with significant variability in the first 6 residues. 
Phylogenetic analysis by Roberts et al. (2013) led to the same grouping of CEP genes, 
based on the alignment of CEP peptide amino acid sequences. Subsequent analysis 
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based on more rigorous iteratively generated position-specific probability matrix 
(PSPM) confirmed the classification of Group II CEPs as phylogenetically distinct from 
Group I CEPs (Ogilvie et al., 2014). Expression analysis did, however, reveal that both 
Group I and Group II CEPs were regulated by (abiotic) environmental cues and have 
unique expression patterns in roots and shoots (Table 3). This was also noted in an in 
silico analysis by Roberts et al. (2013). Interestingly, expression database analysis 
revealed Group II CEPs were highly induced by biotic interactions, notably by infection 
with P. syringae or G. cichoracearum. This may be a distinguishing feature between the 
two CEP groups in Arabidopsis, however further functional analysis is required to 
confirm this.  
Generally, clustering of peptide-coding genes from the same family to specific genome 
locations has been attributed to both whole-genome duplication as well as single gene 
duplication events (Jun et al., 2008). There is not a lot of support for the hypothesis 
that CEPs5/6/7/8 arose from recent gene duplication events, given the differences in 
the signal sequence and variable regions of the precursors, particularly CEP5 (Fig. 4). 
However, these regions are not under strict selection pressure, as demonstrated by 
analysis of substitution rates in the variable regions of CEP genes from the 
Brassicaceae family (Ogilvie et al., 2014), indicating that it is plausible a more ancient 
gene duplication event occurred. This is supported by the fact that the peptide 
domains of these CEPs also did not cluster together in the phylogenetic analysis (Fig. 
1). Additionally, there is notable diversity in peptide domains that have undergone 
internal expansion (Fig. 3). These data suggest that evolution may be favouring 
diversity in CEP domain sequence as opposed to an increase in domain dosage. 
3.7.2 CEP overexpression reveals unique and redundant roles for CEPs  
Over-expressing CEPs, or supplementing the growth medium with synthetic peptide 
resulted in a general change in root architecture: decreased primary root length and 
decreased lateral root number. The severity and combination of these two phenotypes 
varied between the different CEPs assayed. This indicated that i) there may be off-
target effects induced by deregulating the spatio-temporal expression of the peptides 
by presenting them constitutively to an entire root or plant, ii) multiple CEP ligands 
may interact with the same CEP receptor and iii) enzymes required from processing 
and/or modifying the peptide domains may not be the only limiting factor for CEP 
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regulation or may be redundant. These hypotheses are supported by the fact that the 
expression of CEP genes is regulated by different stimuli and is tissue specific (Table 3), 
implying that spatio-temporal regulation is a key variable in CEP specificity. 
Additionally, promoter:GFP fusion experiments have shown that different CEP genes 
have unique, tissue-specific expression patterns (Ohyama et al. 2008; Roberts et al. 
2013). A recent report showed that multiple CEPs interact with the CEP receptors 
CEPR1 and CEPR2 in vitro, providing further evidence for this hypothesis (Tabata et al., 
2014). Similar results have been reported in other peptide families: multiple CLE 
peptide ligands interact with the CLV1 receptor (Ogawa et al., 2008); and loss of 
function rgf mutants did not always affect the same developmental pathways as lines 
over-expressing the same gene (Fernandez et al., 2013).  
Although the general root and shoot phenotypes were redundant, CEP3 and CEP4 
over-expression resulted in a distinct and interesting phenotype. These lines had 
increased shoot mass, resulting in a significant difference in root:shoot ratio. These 
results suggest that allocation of nutrients may be altered by mis-expressing CEP3. It 
has been proposed that plants alter their root:shoot ratio as a result of altered 
environmental nitrogen supply (Roycewicz and Malamy, 2012). This hypothesis is 
explored in greater detail in Chapter 5 where pathways downstream of CEP3 are 
examined.  
3.7.3 Post translation modification and domain sequence affect bioactivity  
In other peptide families, post translation modification has proven to be required for 
specific peptide activity. It has been reported that sulfation of the RGF1 peptide is 
essential for its function in root meristem maintenance and peptide variants lacking 
this post translational modification were no longer functional (Matsuzaki et al., 2010). 
Tri-arabinosylation of a hydroxyproline residue in CLV3 increased its affinity for the 
receptor CLV1 (Ohyama et al., 2009; Kondo et al., 2011), by altering the conformation 
of the peptide (Shinohara and Matsubayashi, 2013).  The results presented in this 
chapter indicate that although post translational modification is not essential for CEP 
biological activity, it does contribute significantly to the potency and severity of the 
phenotype elicited by the peptide. It is likely that these differences arise due to 
changes in the affinity of the peptide for its receptor, caused by conformational 
changes in the peptide structure. Similar results were reported for Medicago 
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truncatula CEP1 peptide variants (Imin et al., 2013; Mohd-Radzman et al., 2015). 
Nuclear Magnetic Resonance studies of Medicago truncatula CEP1 peptides with and 
without proline hydroxylation have confirmed this hypothesis by demonstrating that 
post-translational proline hydroxylation increases the rigidity of the peptide structure 
(Bobay et al., 2013). Additionally, it was recently found that in vivo CEP peptides from 
Medicago truncatula had different combinations of hydroxylation of prolines 4, 7 and 
11, as well as subsequent tri-arabinosylation of proline 11 (Mohd-Radzman et al., 
2015).  
In addition to post translational modification, the domain sequence of peptide ligands 
is essential to biological function, again likely due to interaction with receptors (Meng 
and Feldman, 2010). Alanine scans of CLE peptide domains have provided useful 
information about residues important for CLE function, indicating that the C-terminal 
residues are essential (Kondo et al., 2011; Song et al., 2012). An Ala scan of the 
terminal CEP3 residues indicated that residues 10 and 11 are essential for CEP 
function. Although changes to residues 12 and 14 elicited a significant phenotype, they 
were not as potent as the CEP3 H peptide. Given the results presented in the Chapter 
and published previously (Ohyama et al., 2008), the CEP3 H peptide will be used for 
the remainder of this thesis (referred to simply as “CEP3 peptide”). 
Replacing the central Gly residue of CLV3 with a Thr residue was reported to impart an 
antagonistic effect (Song et al., 2013). Replacing the central Gly of CEP3 with Thr did 
not give a similar result (Fig. 8). Instead, activity was abolished, indicating that this 
residue is also essential for function.  
3.8 Conclusions 
Regulatory peptides are being increasingly recognized as key players in plant 
development. Here, the analysis of the CEP family of regulatory peptides has been 
extended. Two distinct classes of CEP genes were identified. Phylogenetic analysis has 
been used to explore relationships between CEPs and this was complemented by 
expression analysis. The expression of eight of the nine CEPs tested was perturbed by 
environmental cues such as decreased nitrogen levels, increased salt levels, increased 
osmotic strength and increased CO2 levels. The importance of individual residues in 
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biological activity was explored, and it was shown that synthetic CEPs can act to 
perturb root growth at concentrations ranging from µM to nM. Peptide sequence, 
particularly the last nine residues and post translational modification to key amino 
acids are both important for biological activity and the extent of activity. These 
analyses indicate that CEPs act as negative growth regulators for both root and shoot 
systems. More specifically, CEPs reduce primary root length and lateral root density. 
CEPs may fine-tune developmental processes in plants to enable a rapid adjustment to 
constantly changing environmental conditions.  
These analyses have provided important insights about CEPs in Arabidopsis. However, 
it has also prompted many questions. Specifically, how do CEPs affect different aspects 
of root growth (both primary and lateral root development)? Are CEPs functionally 
redundant or do they have specific functions (and what effect does knocking out a CEP 
gene have)? How do CEPs mediate environmental information? Which pathways 
interact with CEPs? What are downstream targets of the CEP pathway? These 
questions will be addressed in Chapters 4 and 5, by focussing on one CEP family 
member, CEP3. 
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 Chapter 4: CEP3 and root development 
Part of this chapter has been published in: Delay, C., Imin, N., Djordjevic, M.A. (2013). 
CEP genes regulate root and shoot development in response to environmental cues 
and are specific to seed plants. Journal of Experimental Botany 64, 5383-5394.  
4.1 Introduction 
In Chapter 3, the CEP family was defined and characterised. Over-expression and 
application of synthetic CEP peptides generally affected root development by reducing 
lateral root number and primary root length. It was shown that CEP gene expression 
was regulated by environmental stimuli such as nutrient limitation, osmotic stress and 
excess salinity. These data led to the hypothesis that CEPs are mediators of 
environmental information, negatively controlling root development under stressful 
conditions. In order to investigate this hypothesis, the rest of this thesis will focus on a 
single CEP: CEP3.  
CEP3, when in excess (through over-expression or synthetic CEP peptide application), 
imparted a severe reduction in primary root length and a relatively mild reduction in 
lateral root number compared to other CEPs such as CEP2 and CEP9 (Delay et al. 2013; 
Chapter 3 Sections 5 and 6). Expression was strongly induced by nitrogen limitation in 
both roots and shoots, by salinity in roots and osmotic stress in shoots. The aims of this 
chapter were to investigate the roles of CEP3 in root development. More specifically, 
experiments in this chapter were designed to: 
1. Identify and characterise a CEP3 knockout mutant 
2. Explore the role of CEP3 in lateral root development 
3. Explore the role of CEP3 in primary root development 
The Arabidopsis genome contains hundreds of putative regulatory peptide genes 
(Lease and Walker, 2006). However, their characterisation has been largely hampered 
by a lack of genetic resources due to i) the small size of peptide-coding genes, which 
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results in their open reading frames being overlooked by annotation algorithms ii) the 
lack of mutants (T-DNA insertion, EMS, etc.) due to this small size, iii) functional 
redundancy in these large multigene families and iv) lack of similarity in the precursor 
sequence presenting a challenge for knock down of multiple genes with one construct. 
Examples of possible CLE redundancy can be found with single Type A cle mutants (e.g. 
cle1, cle7, cle10, cle13, cle16, cle17, cle18, cle19) which so far have displayed no 
obvious morphological or phenotypic defects (Fiers et al., 2004; Jun et al., 2010). In 
spite of these challenges, loss-of-function mutants are still one of the most valuable 
tools in dissecting gene function. Therefore, isolating a loss-of-function CEP mutant 
was highly desirable. 
In this chapter, a cep3 knockout mutant was successfully isolated, characterised and 
found to impart a unique phenotype. Given previous observations about CEP over-
expression or synthetic peptide addition (Delay et al., 2013; Chapter 3 Sections 5 and 
6), it was hypothesised that a cep3 mutant would impart less conservative root growth 
strategies under stress conditions. Furthermore, it was reasoned that this phenotype 
should be rescuable by synthetic peptide application. Additionally, it would be possible 
to examine interactions between CEP3 and different environmental conditions using 
bioassays under different stress conditions. In this chapter, these experiments were 
undertaken to gain an understanding of how CEP3 negatively regulates aspects of root 
development.  
The valuable resources developed thus far, including gain-of-function lines and 
validated synthetic peptide bioassays, permitted a more detailed examination of the 
effect of CEP3 on root development. A previous report suggested that CEPs play a role 
in primary root development (Ohyama et al., 2008). Ectopic expression of CEP1 
reportedly caused an arrest of root growth due to a defect in cell division and 
expansion and an overall reduction in plant growth. However, the report did not 
present evidence for this hypothesis beyond a single confocal image of a CEP1 over-
expression meristem. Furthermore, the role of CEPs in lateral root formation was not 
examined. The results in Chapter 3 indicated that CEPs may indeed play a more 
complex role in root architecture regulation, through effects on both primary and 
lateral root development.  
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Lateral root development is a key feature of root architecture that is highly regulated 
by multiple pathways. There are many developmental checkpoints in the formation of 
a lateral root, including: i) pre-branch site formation, an auxin-dependent process (De 
Smet et al., 2007) marked by the oscillation in expression of over 2000 genes that can 
be visualised using a DR5:Luc reporter (Moreno-Risueno et al., 2010); ii) founder cell 
specification, a process that occurs at a site of relatively low auxin levels (Dubrovsky et 
al., 2008; Dubrovsky et al., 2011);  iii) LR initiation, an auxin-dependent process that 
results in the first asymmetric division (Dubrovsky et al., 2011); iv) LR primordium 
development, which has been classified into 7 stages, each with specific regulatory 
controls (Malamy and Benfey, 1997); v) LR emergence, where the primordium breaks 
through the PR epidermis (Swarup et al., 2008); and vi) elongation, which requires the 
LR meristem to be self-sufficient.  
Again, regulatory peptides have been implicated in LR formation. IDA and its receptors 
HAE and HSL2 play an essential role in LR emergence by inducing the expression of cell 
wall remodelling genes, which enable cell separation to occur ahead of an advancing 
LR (Kumpf et al., 2013). RGF family members reportedly regulate LR development in an 
auxin-dependant manner (Meng et al., 2012; Fernandez et al., 2013). It was recently 
found that RGF8 controls lateral root initiation by triggering the first asymmetric 
pericycle divisions (Fernandez et al., 2015). Additionally, CLE3, CLE4, and CLE7 restrict 
lateral root emergence and outgrowth, particularly under nitrogen limitation, through 
interactions with the CLV1 receptor (Araya et al., 2014).  
To explore the developmental checkpoint that CEP3 was affecting, several methods 
were employed. Initially, the developmental stages of unemerged lateral roots were 
audited using DIC microscopy. Subsequently, the formation of pre-branch sites were 
examined using a DR5:Luc reporter. The capacity to form LRs was defined and the 
ability to form founder cells was assayed using a gravistimulation assay, where de novo 
LR formation at a specific point on the root was encouraged by altering the gravity 
vector. Although CEP3 affects LR development (Chapter 3 Sections 5 and 6), it has a 
much more severe effect upon primary root development. 
Defects in primary root growth can generally be attributed to: i) a deficiency in the 
function of the quiescent centre (QC) that disrupts stem cell function or maintenance; 
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ii) a lack of cell division in the meristematic tissue; or iii) defects in cell elongation 
including both cells entering the elongation zone and the subsequent mechanics of 
elongation and maturation. Other regulatory peptide families have been implicated in 
QC maintenance. CLE40 regulates WOX5 expression through interactions with ACR4, 
CLV1 and CLV2 LRR-RLKs (Stahl et al. 2009; Stahl et al., 2013). Auxin and PLT signalling 
have also been linked through RGF1 in a pathway that is required for stem cell 
maintenance and control of the size of the meristematic zone (Matsuzaki et al., 2010; 
Zhou et al., 2010). To establish which functions CEP3 affects in the root meristem, 
several techniques were employed. A time course, confocal microscopy and various 
reporter lines were used to investigate which of the three processes above were being 
perturbed by CEP3. Further analysis using flow cytometry on nuclei from root tips was 
used to form a hypothesis for how CEP3 affects primary root development. 
4.2 Chapter-specific methods 
4.2.1 Plant material 
DR5:Luc, pSCR2.0:GFP, pWOX5:YFP and pCYCB1;1:CYCB1;1:GFP lines were a gift from 
the Benfey lab. DR5 is a synthetic auxin responsive element used to monitor 
endogenous auxin levels (Ulmasov et al., 1997). 
4.2.2 Flow cytometry 
Samples were prepared based on the method described by Galbraith et al., (2001) and 
Dolezel et al. (2007). Samples were vortexed prior to and during flow cytometry. Nuclei 
were analysed with a BD LSRFORTESSA flow cytometer (BD Biosciences) at the John 
Curtain Medical School Cytometry and Imaging Facility (ANU). Cell cycle analysis was 
performed with ModFitLT software (Verity Software House).  
4.2.3 EdU incorporation assay 
EdU staining and visualisation was performed as described in Kotogany et al. (2010). 
Samples were mounted in water and observed with a Leica DM5500 microscope.   
4.3 Isolation and characterisation of a cep3 knockout mutant 
To obtain a CEP knockout mutant, SALK_15856C, was obtained from the ABRC. This 
line had a T-DNA insertion in the CEP3 peptide coding domain of the CEP3 gene 
(Alonso et al., 2003). As it was initially expected that redundancy would occur in the 
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CEP family, this mutant was crossed with SALK_075885, which has a T-DNA insertion in 
the CEP9 gene (performed by M. Oakes prior to the start of this thesis). This line, cep3-
1a, was confirmed to be homozygous for the T-DNA insertion in CEP3 and hemizygous 
for the T-DNA insertion in CEP9 using PCR with a combination of primers specific to the 
CEP3 and 9 genes and the T-DNA insert. qRT-PCR was used to confirm that CEP3 
expression was absent and CEP9 expression was not reduced in this line (Fig. 1).  
 
Figure 1. Validation of a cep3 knockout mutant (A) Representation of T-DNA insertion site in cep3-1a 
knockout line SALK_105856. Amino acid number is shown underneath the CEP3 open reading frame. (B) 
Melt curves from qRT-PCR of cep3 knockout mutants and Col-0. Melt curves for cep3-1a and cep3-1b 
both show non-specific binding for CEP3 primers compared to the Col-0 (control), indicating a lack of 
CEP3 transcript in these samples. CEP9 and control (At1g13320) melt curves show consistent binding. 
 
It would be expected, if the cep3-1a line was segregating according to Mendel’s laws, 
that 25% of the progeny would be homozygous for the WT CEP9 gene, 25% would be 
homozygous for the CEP9 gene with a T-DNA insertion and 50% would be 
heterozygous for the CEP9 gene. However, this segregation pattern was not observed. 
Of 35 seeds tested from cep3-1a, only 8 were homozygous for the WT CEP9 gene. 
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None were homozygous for the T-DNA insertion in CEP9 and 70% were heterozygous. 
Additionally, phenotypes of the cep3-1a line were extremely consistent within 
treatments, indicating that a heterozygous T-DNA insertion in CEP9 did not affect the 
phenotype. From the progeny of cep3-1a, a line with a single homozygous T-DNA 
insertion in the CEP3 gene and no insertion in the CEP9 gene, cep3-1b, was obtained. 
This line showed phenotypes consistent with cep3-1a in selected assays. 
These data also indicated that CEP9 may play a role in reproduction. To briefly 
investigate the possibility of the CEP9 knockout being embryo lethal, seed pods from 
the cep3-1a line were examined. No significant embryo lethality was observed. As 
CEP9 was outside the scope of this study, no further experiments were performed to 
investigate this phenotype. However, it is possible that CEP9 could play a role in other 
aspects of reproduction, such as pollen tube elongation or guidance as there is 
precedence for regulatory peptides affecting these processes (Covey et al., 2010; 
Sprunck et al., 2012).  
To determine the phenotypic effect of the cep3 mutation, comparative growth assays 
were undertaken. Initially, cep3-1 plants were grown on standard ½ MS medium and 
compared with WT plants. There was no significant difference in root architecture (PR 
and LR length, total number of LRs, branching zone and LR density) between the two 
genotypes. This was not entirely surprising as CEP3 expression under normal 
conditions is generally very low. As there were no phenotypic differences under this 
condition, it was used as a control condition for all future assays. 
As the expression of CEP3 was most significantly induced by nitrogen limitation (Delay 
et al., 2013; Chapter 3 Section 4), cep3-1 plants were grown on modified ½ MS 
medium containing 0.25 mM KNO3- as the sole nitrogen source. Under this condition, 
the PRs of both cep3-1 lines were significantly longer than the WT (Fig. 2A). 
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Figure 2. cep3-1 mutants have increased root length and can be rescued by synthetic CEP3 peptide 
application. Twelve-day-old Col-0 and cep3-1 plants were grown on modified ½ MS medium containing 
0.25 mM KNO3 as the only nitrogen source without CEP3 peptide (A) or with 0.01 µM CEP3 (B). n = 10. 
Error bars show standard error. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; n.s. = not significant (two-sample 
t-test, Genstat). 
 
To ensure this phenotype could be attributed to the mutation in CEP3, a rescue 
experiment was performed. Plants were grown on modified ½ MS containing 0.25 mM 
KNO3- as the sole nitrogen source, supplemented with 0.01 µM CEP3 peptide (Fig. 2B). 
Under this condition, the primary root length of the two cep3-1 lines were not 
significantly different to the WT, indicating that CEP3 peptide was able to rescue the 
cep3 mutant phenotype.  
To explore the long-term phenotype of the cep-1 mutant, a hydroponic growth assay 
was designed (Fig. 3). Plants were grown in liquid ¼ MS medium, aerated for 15 min 
every 2 h. cep3-1 plants consistently reached each stage of development 1-2 days 
earlier than WT plants (Fig. 3D and E). Furthermore, the root systems of cep3-1 plants 
were larger when measured at the end of the experiment (42 days) when compared to 
WT plants grown in the same compartment (Fig. 3F). These data indicate that cep3-1 
grown in hydroponic conditions mirrors the results from plate assays and larger root 
systems do not result in a compromise in shoot system size or development.  
A               B 
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Figure 3. Phenotypes of the cep3-1a mutant on plate assays and in hydroponics. (A-C) Representative 
12-day-old Col-0 and cep3-1 plants grown on standard ½ MS medium (A), modified ½ MS with 0.25mM 
KNO3
- as the sole nitrogen source (B) and standard ½ MS with 100 mM mannitol to impose osmotic 
stress (C). (D-F) Representative 26-day-old shoot systems (D), 36-day-old shoot systems (E) and 42-day-
old root systems (F) of Col-0 and cep3-1 plants grown hydroponically in 1/4 MS medium aerated for 15 
min every 2 h. Scale bar = 0.9 mm. Arrowhead indicates root tip. 
 
Expression data (Chapter 3) indicated that CEPs are induced by a range of 
environmental stimuli. To further investigate interaction between CEP and abiotic 
stress, the cep3-1 mutant was grown under selected abiotic stress conditions. WT and 
cep3-1a plants were grown vertically on ½ MS medium with 1% phytagel, 
supplemented with the specified additive (Fig. 4).  
 
Figure 4. Phenotypes of cep3-1a under a range of abiotic and environmental conditions. Histogram 
shows cep3-1 PR length and emerged lateral root number (ELR) as a proportion of Col-0. Plants were 
grown on standard ½ MS medium modified as indicated. For nitrate treatments, modified medium 
containing the indicated KNO3 levels was used. For the phosphate limitation treatment, modified 
medium containing 1 µM NaH2PO4 was used. For light and temperature treatments, standard ½ MS 
medium was used. n ≥ 8 individual plants. Error bars show standard error. * p ≤ 0.05; ** p ≤ 0.01; *** p 
≤ 0.001 (two-sample t-test, Genstat). 
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The largest increase in root system size was found when cep3-1a was grown under 
increased salt or low nitrogen conditions. This coincides well with the finding that CEP3 
is significantly induced under these two conditions in the roots (Delay et al., 2013; 
Chapter 3 Section 4). cep3-1a root systems were also significantly larger than Col-0 (p < 
0.05) when grown in acidic or high salt conditions, with high concentrations of nitrate, 
under increased osmotic strength (mannitol), in the presence of sucrose and under 
decreased or increased irradiance, but not when grown with different day lengths. 
Elevated temperature did not affect the size of the root system significantly whereas 
decreased temperature reduced the lateral root density but not primary root length. 
These data, together with gene expression analysis, suggest CEPs may act as 
intermediates between environmental conditions and root development. 
4.4 The effect of CEP3 on lateral root formation 
A role for CEP in the regulation of lateral root development had not been previously 
reported. However, as seen in Chapter 3 (Section 5), mis-expression of various CEPs 
resulted in a significant decrease in the number of emerged lateral roots. To 
investigate the possibility that LRs were being inhibited from emerging, DIC microscopy 
was used to count the number of lateral root primordia in both CEP3 peptide treated 
plants and the cep3-1a mutant (Fig. 5).  
i 
Figure 5. LR phenotypes caused by CEP3 perturbation. (A-D) Total number of emerged LRs (ELR) plus 
lateral root primordia (LRP) (A, C) and proportion of LRP at each stage of development divided by total 
number of LRs (B, D) in CEP3 peptide or mock treated (A, B) or cep3-1 or WT plants (C, D). *** p ≤ 0.001 
(two-sample t-test, Genstat). 
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The total number of emerged and lateral root primordia was significantly reduced by 
about 30% in CEP3 peptide treated plants (Fig. 3A). This result was the opposite in 
cep3-1a plants, when grown on modified ½ MS medium containing 0.25 mM KNO3- as 
the sole nitrogen source (Fig. 3B). To investigate if lateral root primordium 
development was being arrested at a specific developmental checkpoint, LRP at each 
stage of development were audited according to the method described by Malamy 
and Benfey (1997). In both the CEP3 peptide treated and cep3-1a samples, there was 
no significant difference in the number of LRP at any developmental stage (Fig. 3B and 
D). This indicated that once initiated, CEP3 was not affecting LRP development or 
emergence.  
To investigate the effect of CEP3 on LR formation prior to the initiation stage, a 
DR5:Luc reporter system was used. Moreno-Risueno et al. (2010) reported that this 
construct could be used to image, in real time, the specification of “prebranch sites” at 
the root tip. They found that luminescence from the reporter appeared at regular 6 h 
intervals, which coincided with the oscillation of over 2400 genes. It was proposed that 
this oscillation marked the sites of future lateral roots, as LRs emerged from static 
luminescence points (presumably as a manifestation of the prebranch sites established 
in the vicinity of the root tip during oscillations). They also showed that the number of 
prebranch sites formed was independent of PR length under conditions including 
different day lengths, temperature, and the presence of sucrose in the medium. 
Subsequent reports have used DR5:Luc to assess lateral root development together 
with a measure called Lateral Root Capacity (LRC; Van Norman et al., 2014). 
As CEP3 peptide treatment decreased the total number of LRs, it was hypothesized 
that CEP may affect this ‘root clock’, leading to reduced prebranch site formation. To 
assess this, a system was set up to visualize static luminescent points (prebranch sites) 
at specific time points in CEP3 treated plants compared to untreated plants. WT plants 
were grown vertically on ½ MS, 1% phytagel and 1 µM CEP3 or no peptide, with 16 h 
days at 22oC. At 6 days post imbibing, luciferin was pipetted evenly onto each plant 
and plants were imaged using a cooled CCD camera. The LRC of plants was also 
assessed by removing the root tip and allowing the plants to grow for a further 3 days 
to stimulate emergence of LRP (Fig. 6). 
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Figure 6. CEPs do not affect prebranch site formation, lateral root competency or founder cell formation 
(A) Number of DR5:Luc luminescent points observed in 6-day-old CEP3 treated and untreated plants. 
Lateral root competency (LRC) was obtained by removing the root tip to stimulate LR emergence and 
total number of emerged LRs was recorded 3 days later. n = 10. (B) Col-0 plants were grown on standard 
½ MS medium containing 1 µM CEP3 peptide as indicated. At day six, plates were turned 90o and left to 
grow for a further 4 days. The gravitropic stimulus induced LR formation at the bend site in both CEP3 
treated and untreated plants. White arrows indicate emerged lateral root at bend site. Scale bar = 1 cm. 
Error bars show standard error.  
 
It was found that CEP3 treatment did not significantly reduce the number of pre-
branch sites or reduce LRC (Fig. 6A). This indicated that CEP3 affects LR formation after 
prebranch site formation but before LR primordia formation.  
To test whether de novo founder cells could be formed in CEP3 treated plants, a 
gravistimulation experiment was performed. CEP3 treated and untreated plants were 
subjected to gravitropic stimulation by rotating growth plates 90o and monitoring for a 
further four days to observe LR formation at the bend site (Fig. 6B). It was found that 
bend sites in both treated and untreated plants formed lateral roots, implying that CEP 
was not hindering founder cell specification. 
Given all of these data, it can only be concluded that CEP3 affects LR initiation, as the 
processes prior to and following initiation do not differ from WT. However, further 
detailed studies are required to confirm this hypothesis. Due to the relatively mild 
effect of CEP3 on LR formation (compared to other CEPs: Delay et al., 2013; de Smet 
personal communication using CEP5), the CEP3-dependent effects primary root growth 
became the focus of the rest of this thesis. 
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4.5 CEP3 and primary root growth 
4.5.1 The role of CEP3 in the primary root meristem 
In Chapter 3, it was established that CEP peptides significantly reduce primary root 
length when in excess (Sections 5 and 6) and the experiments above (Fig.2) showed 
primary root length was increased in the cep3-1 mutants. To further investigate the 
role of CEP in primary root elongation, a time course was performed. Plants were 
grown on vertically oriented plates containing ½ MS medium with or without 1 µM of 
CEP3 peptide and primary root length was measured daily (Fig. 7).  
 
Figure 7. CEP3 peptide treatment slows primary root growth. (A) Representative phenotypes of 12-day-
old Col-0 plants treated with no peptide or 1 µM of CEP3. Scale bar = 1 cm. (B) Effect of CEP3 peptide 
addition on primary root growth over time. Col-0 plants were grown vertically on standard ½ MS 
medium supplemented with 1 µM of CEP3 or no peptide and imaged every day for 12 days. n ≥ 36 
plants. *** p ≤ 0.001 (two-sample t-test, Genstat). 
 
It was found that CEP3 peptide treatment did not arrest root growth, rather it was 
significantly slowed from 2 days post imbibition (dpi). This indicated that CEP3 does 
not arrest cell division potential, contrary to results reported for CEP1 (Ohyama et al., 
2008). To establish the basis for this phenotype, root meristems were imaged with 
confocal microscopy. WT, CEP3 over-expressors (CEP3oe) and cep3-1 mutants were 
grown on standard ½ MS medium for 7 days before being stained with propidium 
iodide and observed with a confocal microscope (Fig. 8A-C).  
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Figure 8. CEP3 controls root meristem size. Confocal images of 6 day old root meristems strained with 
propidium iodide. Red arrowheads indicate the end of the meristematic zone. Blue arrowheads indicate 
the end of the transition zone. (A-D) plants were grown on standard ½ MS medium. (E-H) Plants were 
grown on modified N-free ½ MS medium. (D, H) The number of cortical cells in the meristematic zone 
were counted (n ≥ 14 ). * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001 (two-sample t-test, Genstat). 
 
The meristematic and transition zones of CEP3oe plants were significantly reduced 
compared to WT plants. This was due to a highly significant reduction in cell number 
rather than a change in cell length (Fig. 8D). The cep3-1 mutant meristem was not 
significantly different to WT under these conditions, which was expected as this 
mutant does not display a phenotype under standard ½ MS conditions (Fig. 2). When 
grown in the absence of nitrogen, however, the cep3-1 mutant had a significantly 
larger meristematic zone (MZ; Fig. 8E-H) as expected. CEP3oe again had a significantly 
shorter MZ under these conditions (Fig. 8E-H). 
A change in meristem size could be explained by disruption in meristem maintenance, 
stem cell patterning or cell cycle control. To investigate these possibilities, several 
reporter lines were grown on standard ½ MS medium supplemented with CEP3 
peptide.  The SCARECROW (SCR) gene regulates radial cell patterning and QC identity 
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in the RAM (Wysocka-Diller et al., 2000). WUSCHEL-RELATED HOMEOBOX 5 (WOX5) is 
expressed in the QC and is required for maintaining stem cell identity in the RAM 
(Sarkar et al., 2007). CYCLIN B1 expression is activated in the G2 phase of the cell cycle 
and peaks at the M phase, after which it is degraded (Colon-Carmona et al., 1999). 
CEP3 peptide was applied to pSCR2.0:GFP, pWOX5:YFP and pCYCB1;1:CYCB1;1:GFP 
reporters to examine radial cell patterning, QC identity and cell cycle progression (Fig. 
9).  
 
Figure 9. CEP3 peptide treatment reduces expression of pCYCB1;1:CYCB1;1:GFP.1 but does not affect 
stem cell maintenance. (A-C) pSCR:SCR:YFP (A), pWOX5:GFP (B) and pCYCB1;1:CYCB1;1:GFP (C) reporters 
grown on standard ½ MS medium without (right) and with (left) 1 µM CEP3 peptide. (D) Number of 
pCYCB1;1:CYCB1;1:GFP positive cells per primary root tip. n = 30 root tips. *** p ≤ 0.001 (two-sample t-
test, Genstat). 
 
The expression of both stem cell niche reporters was unperturbed by CEP3 treatment 
(Fig. 9A and B). However, the expression of pCYCB1;1:CYCB1;1:GFP was significantly 
reduced in CEP3 treated plants (Fig. 9C). Examining focal planes right through the root 
revealed that in CEP3 treated plants, approximately half the number of cells expressed 
pCYCB1;1:CYCB1;1:GFP compared to untreated plants (Fig. 9D; which shows a single 
plane of focus). These results suggested that CEP3 affects the cell cycle (directly or 
indirectly) rather than meristem maintenance. 
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4.5.2 Analysis of cell cycle perturbation by CEP3 
In the meristematic zone, an area with high mitotic activity, cells enter and exit the cell 
cycle. New cells grow rapidly during the G1 phase, before DNA replication (S phase). 
Upon completion of DNA replication, cells enter a preparatory phase (G2) and proceed 
to mitosis (M phase). The transitions between the phases of the cell cycle are tightly 
regulated by internal and external cues. The pCYCB1;1:CYCB1;1:GFP reporter allowed 
visualisation of the number of cells undergoing the G2-M phase transition in the cell 
cycle. However, it was possible that CEP3 affected the cell cycle before this transition, 
for example, during G1-S phase transition or the S phase. To explore this possibility, 
flow cytometry was performed on root tips. Plants were grown vertically for 6 days on 
either standard MS ½ medium (CEP3oe) or modified N-free medium (WT, cep3-1a) 
before root tips were harvested and nuclei were isolated, stained with propidium 
iodide and run through a flow cytometer (Fig. 10). 
 
Figure 10. CEP3 regulates S phase entry. (A) Flow cytometry was performed on nuclei extracted from 6-
day old WT, CEP3oe and cep3-1a plants grown on standard MS medium. An overview of the phases of 
the cell cycle is inset. (B) ) Flow cytometry was performed on nuclei extracted from 6-day old WT and 
cep3-1a plants grown on N free medium. (C, D) An EdU assay performed on similar plants to visualise 
cells in the S phase. 
 
There were about 30% more nuclei in G0/G1 phase in root tip samples from plants 
overexpressing CEP3 compared to WT and around 30% less in the S phase (Fig. 10A). 
Conversely, there was less than half the number of nuclei from cep3-1 plants in G0/G1 
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phase and about 40% more in S phase. These data indicate that CEP regulates the 
number of cells that are able to enter S phase in the cell cycle in root tips.  
To corroborate these results, an EdU incorporation assay was performed on plants of a 
similar age grown under similar conditions (Fig. 10B, C). EdU is a synthetic nucleoside 
analogue that contains an alkyne group that is amenable to Click chemistry (Kolb et al. 
2011). When plants are presented with EdU in the growth medium, it is incorporated 
into cells that are undergoing DNA synthesis, which can be visualised and enumerated. 
Therefore, EdU is an excellent tool for observing the number of cells in S phase under 
varied conditions. In these assays, plants were grown on plates as described and 
aqueous EdU was added to the plates for 30 min. Whole plants were then fixed, 
washed and a Click reaction was performed with Alexa Fluor 488 azide to visualise cells 
that had incorporated EdU. CEP3oe plants had less than half the number of cells 
undergoing DNA synthesis, whereas cep3-1a, when grown on modified N-free medium, 
had almost double. The results of this assay confirmed that CEPs regulate the number 
of cells undergoing DNA synthesis. 
4.6 Discussion 
4.6.1 cep3 mutant analysis reveals a non-redundant role for CEP3 in root 
development under stress conditions 
Despite redundancy providing a major barrier to regulatory peptide characterisation in 
other peptide families, a cep3 knockout mutant with a unique phenotype was isolated. 
Consistent with the hypothesis proposed in Chapter 3, CEP3 negatively regulates root 
development in response to specific stress conditions. Plate assays showed that cep3 
mutant roots had reduced sensitivity to several stresses (Figs. 3, 4 and 5). Remarkably, 
this did not appear to be accompanied by a penalty to shoot growth or reproduction, 
as seen in hydroponic assay (Fig. 4). These surprising results are in contrast to results 
reported for known stress response pathways, such as nitrogen limitation (Scheible et 
al., 1997; Stitt and Krapp, 1999). When plants are faced with globally low nitrogen 
levels, resources from the shoots are deployed to the roots in an effort to forage for 
nutrient sources (Hermans et al. 2006). This results in an increase in the root: shoot 
ratio and is mirrored by changes in root and shoot carbon levels. How the cep3 mutant 
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is able to sustain both enhanced root and shoot growth is unknown. The effects of 
CEP3 on carbon and nitrogen balance will be explored in more detail in Chapter 5.  
It was recently inferred using a competitive titration assay that CEP3 was able to 
interact with the LRR-RLK CEPR1 in vitro (Tabata et al., 2014) by displacing 
radiolabelled CEP1 peptide from CEPR1 in the Noessen ecotype. Analyses of the cepr1 
mutant phenotype on MS plates revealed enhanced LR elongation, but no primary root 
growth defect. A cepr1, cepr2 double mutant displayed pleiotropic phenotypes 
including reduced rosette size and pale-green leaves, anthocyanin accumulation and 
enhanced LR elongation, which was largely attributable to a mutation in CEPR1. The 
phenotypes of this double mutant were completely rescuable by introducing the 
CEPR1 gene back into the line, with the authors concluding that CEPR1 and CEPR2 
were redundant. There is considerable discrepancy between the phenotypes of the 
cepr1/2 mutants and the cep3 mutant reported here, particularly with regards to 
primary root growth and shoot development. These discrepancies could be explained 
by a number of factors that could be resolved with further experimentation. 
Firstly, the cepr1 cepr2 root and phenotypes were assessed in plants grown on an N-
rich medium (Tabata et al., 2014). The results presented in this chapter indicate that 
cep3 only displays enhanced root growth under specific stress conditions, but not on 
standard ½ MS medium (N-rich). Phenotyping both the cepr1 and cepr2 single and 
double mutants grown on nitrogen limited conditions, as done in this chapter, would 
confirm whether either or both CEPR1 or CEPR2 could be the receptors for the CEP3 
ligand. If they do present a similar phenotype to the cep3 mutant, analysis of the root 
meristems using EdU assays should confirm that these receptors are required for 
CEP3- mediated control of S phase entry.  
Furthermore, it is plausible that CEPR1 and CEPR2 are not in fact redundant. This is 
particularly likely as their expression patterns are markedly different. GUS assays 
showed CEPR1 was expressed specifically in leaf vasculature, some portions of the 
primary root (particularly at LR sites) and in LRs (but not in root tips) under the 
conditions tested (Tabata et al., 2014). By contrast, CEPR2 was expressed primarily in 
mature leaf tissue (excluding the vasculature), primary and lateral roots (including root 
tips). However, no information was provided about the shoot phenotypes of cepr1 or 
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cepr2 single mutants. Examining these single mutants under both standard and stress 
conditions is necessary to resolve this issue. 
Finally, it is likely that these receptors interact with more than one ligand, given that 
cep3 has a non-redundant, specific phenotype that is very different to the phenotype 
of the cepr1cepr2 mutant. It was shown in Chapter 3 (Sections 5 and 6) that when 
presented in excess, multiple CEPs elicited a very similar phenotype, implying that they 
may interact with non-specific targets. It may also be the case that while the CEP3 
ligand can interact with CEPR1 in vitro, it does not happen in vivo as it may not be 
expressed in the same expression domain as either of the two receptors. It was also 
not clear whether CEP3 can interact with CEPR2 in vitro. Resolving this issue is 
challenging, particularly if the CEPRs perceive multiple CEPs. One solution could be to 
isolate and cross individual and multiple cep and cepr mutants to uncouple redundancy 
issues.   
4.6.2 CEP3 likely affects LR initiation 
Experiments performed in this chapter have shown many stages in LR formation are 
not perturbed by CEP3. This includes prebranch site formation, lateral root 
competency, founder cell formation, LR primordium development and LR emergence. 
By elimination, it could be deduced that CEP3 affects the initiation of LR founder cells. 
Further experiments would be required to validate this hypothesis. However, the LR 
phenotype endowed by CEP3 mis-regulation was not as strong as those endowed by 
other CEPs, in particular CEP5. Therefore, further analysis of the role of CEP3 in LR 
initiation was not undertaken and understanding the role of CEP3 in primary root 
development became the central focus. The experiments of LR formation performed 
so far provide a solid basis for future work on other CEPs. 
The key processes involved in LR initiation are the re-activation of the cell cycle in the 
founder cells and a change in cell polarity required for nuclear migration (Lavenus et 
al., 2013). Both of these processes are heavily dependent on auxin and auxin signalling. 
In particular, the SLR/IAA14-ARF7-ARF19 regulatory module is essential for both 
processes (Fukaki et al., 2002; Fukaki et al., 2005; Vanneste et al., 2005), as are targets 
of this module, such as LBD16 and 29 (Okushima et al., 2005; Lee et al., 2009). 
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Analysing reporter lines treated with CEP peptide would demonstrate if CEP signalling 
restricts LR initiation by regulating the expression of these key genes.  
However, this would not necessarily demonstrate the specific role of CEP3 as these 
genes have multiple roles. To address the question of whether cell cycle reactivation or 
cell polarity was being affected, the EdU assay described in this chapter could be used. 
This assay is ideal as seedlings can be exposed to EdU for prolonged periods of time to 
view if cell cycle was re-activated. Subsequently, EdU can be removed and root tips 
excised to encourage progression of lateral roots. If EdU was visualised in roots and no 
subsequent lateral root was formed (in roots with excess CEP peptide), it could be 
concluded that CEP affects a process downstream of cell cycle re-activation. 
Further experiments would be dependent on the results obtain from these initial 
analyses, but could focus on complementing candidate mutant with CEP peptide 
application or crossing candidate mutants with cep mutants, where the negative 
regulation exerted by CEP would be released.   
4.6.3 The mechanism of CEP mediated primary root regulation and growth  
That which constitutes growth of a plant or organ has been vigorously debated in the 
literature for almost a hundred years. Proponents of the “cell theory” argued that cells 
were the fundamental driving unit of an organ/organism, and changes in cell size and 
division constituted organismal growth (summarised in Kaplan, 1992). Those arguing 
for “organ theory” postulated that cells were simply units that marked the overall 
growth of the organ and that changes in cell size and division were uncoupled from 
growth (summarised in Kaplan, 1992). 
It has been long established that plants must coordinate their growth with external 
factors, such as nutrient availability. In order to do this, local and systemic regulation is 
necessary. Therefore, neither of these restrictive theories give a full picture of plant 
growth coordination. Indeed, a unified model proposed by Beemster and co-workers 
(2003) has since been adopted to account for this more complex scenario. In this 
model, there are different organisational levels of growth coordination, ranging from 
cellular to organ to entire organism level. This helps to explain the myriad of local and 
long distance signalling pathways that contribute to coordinated growth of an 
organism.  
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It is clear that CEP3, as a regulator of plant growth, fits with this unified model. CEP 
expression is induced by changes in environmental conditions. An increase in CEP 
ligand results in a long term decrease in growth through reduction in meristem cell 
cycle progression. However, many questions about the specific function of CEP3 
remain. At which organisational level does CEP3 causes these changes? Does CEP3 
affect cell cycle per se or is the reduction in meristem size a result of altered nutrient 
allocation (reduced nutrient demand)? What pathways does CEP3 interact with? These 
questions will be the focus of the next chapter. 
4.7 References 
Alonso, J.M., Stepanova, A.N., Leisse, T.J., Kim, C.J., Chen, H., Shinn, P., Stevenson, 
D.K., Zimmerman, J., Barajas, P., Cheuk, R., Gadrinab, C., Heller, C., Jeske, A., 
Koesema, E., Meyers, C.C., Parker, H., Prednis, L., Ansari, Y., Choy, N., Deen, 
H., Geralt, M., Hazari, N., Hom, E., Karnes, M., Mulholland, C., Ndubaku, R., 
Schmidt, I., Guzman, P., Aguilar-Henonin, L., Schmid, M., Weigel, D., Carter, 
D.E., Marchand, T., Risseeuw, E., Brogden, D., Zeko, A., Crosby, W.L., Berry, 
C.C., and Ecker, J.R. (2003). Genome-wide insertional mutagenesis of 
Arabidopsis thaliana. Science 301, 653-657. 
Araya, T., von Wirén, N., and Takahashi, H. (2014). CLE peptides regulate lateral root 
development in response to nitrogen nutritional status of plants. Plant 
Signaling and Behavior 9, e29302. 
Beemster, G.T.S., Fiorani, F., and Inzé, D. (2003). Cell cycle: The key to plant growth 
control? Trends in Plant Science 8, 154-158. 
Colon-Carmona, A., You, R., Haimovitch-Gal, T., and Doerner, P. (1999). Technical 
advance: Spatio-temporal analysis of mitotic activity with a labile cyclin-GUS 
fusion protein. The Plant Journal 20, 503-508. 
Covey, P.A., Subbaiah, C.C., Parsons, R.L., Pearce, G., Lay, F.T., Anderson, M.A., Ryan, 
C.A., and Bedinger, P.A. (2010). A pollen-specific RALF from tomato that 
regulates pollen tube elongation. Plant Physiology 153, 703-715. 
De Smet, I., Tetsumura, T., De Rybel, B., Frey, N.F.d., Laplaze, L., Casimiro, I., Swarup, 
R., Naudts, M., Vanneste, S., Audenaert, D., Inzé, D., Bennett, M.J., and 
Beeckman, T. (2007). Auxin-dependent regulation of lateral root positioning in 
the basal meristem of Arabidopsis. Development 134, 681-690. 
Delay, C., Imin, N., and Djordjevic, M.A. (2013). CEP genes regulate root and shoot 
development in response to environmental cues and are specific to seed plants. 
Journal of Experimental Botany 64, 5383-5394. 
Dolezel, J., Greilhuber, J., and Suda, J. (2007). Estimation of nuclear DNA content in 
plants using flow cytometry. Nature Protocols 2, 2233-2244. 
|89| 
 
Dubrovsky, J.G., Sauer, M., Napsucialy-Mendivil, S., Ivanchenko, M.G., Friml, J., 
Shishkova, S., Celenza, J., and Benková, E. (2008). Auxin acts as a local 
morphogenetic trigger to specify lateral root founder cells. Proceedings of the 
National Academy of Sciences of the USA 105, 8790-8794. 
Dubrovsky, J.G., Napsucialy-Mendivil, S., Duclercq, J., Cheng, Y., Shishkova, S., 
Ivanchenko, M.G., Friml, J., Murphy, A.S., and Benkova, E. (2011). Auxin 
minimum defines a developmental window for lateral root initiation. New 
Phytologist 191, 970-983. 
Fernandez, A., Drozdzecki, A., Hoogewijs, K., Nguyen, A., Beeckman, T., Madder, A., 
and Hilson, P. (2013). Transcriptional and functional classification of the 
GOLVEN/ROOT GROWTH FACTOR/CLE-like signaling peptides reveals their role 
in lateral root and hair formation. Plant Physiology 161, 954-970. 
Fernandez, A., Drozdzecki, A., Hoogewijs, K., Vassileva, V., Madder, A., Beeckman, T., 
and Hilson, P. (2015). The GLV6/RGF8/CLEL2 peptide regulates early pericycle 
divisions during lateral root initiation. Journal of Experimental Botany 66, 5245-
5256. 
Fiers, M., Hause, G., Boutilier, K., Casamitjana-Martinez, E., Weijers, D., Offringa, R., 
van der Geest, L., van Lookeren Campagne, M., and Liu, C.M. (2004). Mis-
expression of the CLV3/ESR-like gene CLE19 in Arabidopsis leads to a 
consumption of root meristem. Gene 327, 37-49. 
Fukaki, H., Tameda, S., Masuda, H., and Tasaka, M. (2002). Lateral root formation is 
blocked by a gain-of-function mutation in the SOLITARY-ROOT/IAA14 gene of 
Arabidopsis. The Plant Journal 29, 153-168. 
Fukaki, H., Nakao, Y., Okushima, Y., Theologis, A., and Tasaka, M. (2005). Tissue-
specific expression of stabilized SOLITARY-ROOT/IAA14 alters lateral root 
development in Arabidopsis. The Plant Journal 44, 382-395. 
Galbraith, D.W., Lambert, G.M., Macas, J., and Dolezel, J. (2001). Analysis of nuclear 
DNA content and ploidy in higher plants. In Current Protocols in Cytometry 
(John Wiley & Sons, Inc.). 
Hermans, C., Hammond, J.P., White, P.J., and Verbruggen, N. (2006). How do plants 
respond to nutrient shortage by biomass allocation? Trends in Plant Science 11, 
610-617. 
Jun, J., Fiume, E., Roeder, A.H.K., Meng, L., Sharma, V.K., Osmont, K.S., Baker, C., Ha, 
C.M., Meyerowitz, E.M., Feldman, L.J., and Fletcher, J.C. (2010). 
Comprehensive analysis of CLE polypeptide signaling gene expression and 
overexpression activity in Arabidopsis. Plant Physiology 154, 1721-1736. 
Kaplan, D.R. (1992). The relationship of cells to organisms in plants: Problems and 
implications of an organismal perspective. International Journal of Plant 
Sciences 153, S28-S37. 
Kolb, H.C., Finn, M.G., Sharpless, K.B. (2001) Click Chemistry: Diverse chemical 
function from a few good reactions. Angewandte Chemie International Edition 
40, 2004-2021. 
|90| 
 
Kotogany, E., Dudits, D., Horvath, G., and Ayaydin, F. (2010). A rapid and robust assay 
for detection of S-phase cell cycle progression in plant cells and tissues by using 
ethynyl deoxyuridine. Plant Methods 6, 5. 
Kumpf, R.P., Shi, C.L., Larrieu, A., Sto, I.M., Butenko, M.A., Peret, B., Riiser, E.S., 
Bennett, M.J., and Aalen, R.B. (2013). Floral organ abscission peptide IDA and 
its HAE/HSL2 receptors control cell separation during lateral root emergence. 
Proceedings of the National Academy of Sciences of the USA 110, 5235-5240. 
Lavenus, J., Goh, T., Roberts, I., Guyomarc’h, S., Lucas, M., De Smet, I., Fukaki, H., 
Beeckman, T., Bennett, M., and Laplaze, L. (2013). Lateral root development in 
Arabidopsis: Fifty shades of auxin. Trends in Plant Science 18, 450-458. 
Lease, K.A., and Walker, J.C. (2006). The Arabidopsis unannotated secreted peptide 
database, a resource for plant peptidomics. Plant Physiology 142, 831-838. 
Lee, H.W., Kim, N.Y., Lee, D.J., and Kim, J. (2009). LBD18/ASL20 regulates lateral root 
formation in combination with LBD16/ASL18 downstream of ARF7 and ARF19 in 
Arabidopsis. Plant Physiology 151, 1377-1389. 
Malamy, J.E., and Benfey, P.N. (1997). Organization and cell differentiation in lateral 
roots of Arabidopsis thaliana. Development 124, 33-44. 
Matsuzaki, Y., Ogawa-Ohnishi, M., Mori, A., and Matsubayashi, Y. (2010). Secreted 
peptide pignals required for maintenance of root stem cell niche in Arabidopsis. 
Science 329, 1065-1067. 
Meng, L., Buchanan, B.B., Feldman, L.J., and Luan, S. (2012). CLE-like (CLEL) peptides 
control the pattern of root growth and lateral root development in Arabidopsis. 
Proceedings of the National Academy of Sciences of the USA 109, 1760-1765. 
Moreno-Risueno, M.A., Van Norman, J.M., Moreno, A., Zhang, J., Ahnert, S.E., and 
Benfey, P.N. (2010). Oscillating gene expression determines competence for 
periodic Arabidopsis root branching. Science 329, 1306-1311. 
Ohyama, K., Ogawa, M., and Matsubayashi, Y. (2008). Identification of a biologically 
active, small, secreted peptide in Arabidopsis by in silico gene screening, 
followed by LC-MS-based structure analysis. The Plant Journal 55, 152-160. 
Okushima, Y., Overvoorde, P.J., Arima, K., Alonso, J.M., Chan, A., Chang, C., Ecker, 
J.R., Hughes, B., Lui, A., Nguyen, D., Onodera, C., Quach, H., Smith, A., Yu, G., 
and Theologis, A. (2005). Functional genomic analysis of the AUXIN RESPONSE 
FACTOR gene family members in Arabidopsis thaliana: Unique and overlapping 
functions of ARF7 and ARF19. The Plant Cell 17, 444-463. 
Sarkar, A.K., Luijten, M., Miyashima, S., Lenhard, M., Hashimoto, T., Nakajima, K., 
Scheres, B., Heidstra, R., and Laux, T. (2007). Conserved factors regulate 
signalling in Arabidopsis thaliana shoot and root stem cell organizers. Nature 
446, 811-814. 
Scheible, W.-R., Lauerer, M., Schulze, E.-D., Caboche, M., and Stitt, M. (1997). 
Accumulation of nitrate in the shoot acts as a signal to regulate shoot-root 
allocation in tobacco. The Plant Journal 11, 671-691. 
|91| 
 
Sprunck, S., Rademacher, S., Vogler, F., Gheyselinck, J., Grossniklaus, U., and 
Dresselhaus, T. (2012). EGG CELL–SECRETED EC1 triggers sperm cell activation 
during double fertilization. Science 338, 1093-1097. 
Stahl, Y., Wink, R.H., Ingram, G.C., and Simon, R. (2009). A signaling module 
controlling the stem cell niche in Arabidopsis root meristems. Current Biology 
19, 909-914. 
Stahl, Y., Grabowski, S., Bleckmann, A., Kuhnemuth, R., Weidtkamp-Peters, S., Pinto, 
K.G., Kirschner, G.K., Schmid, J.B., Wink, R.H., Hulsewede, A., Felekyan, S., 
Seidel, C.A., and Simon, R. (2013). Moderation of Arabidopsis root stemness by 
CLAVATA1 and ARABIDOPSIS CRINKLY4 receptor kinase complexes. Current 
Biology 23, 362-371. 
Stitt, M., and Krapp, A. (1999). The interaction between elevated carbon dioxide and 
nitrogen nutrition: the physiological and molecular background. Plant, Cell and 
Environment 22, 583-621. 
Swarup, K., Benkova, E., Swarup, R., Casimiro, I., Peret, B., Yang, Y., Parry, G., 
Nielsen, E., De Smet, I., Vanneste, S., Levesque, M.P., Carrier, D., James, N., 
Calvo, V., Ljung, K., Kramer, E., Roberts, R., Graham, N., Marillonnet, S., Patel, 
K., Jones, J.D.G., Taylor, C.G., Schachtman, D.P., May, S., Sandberg, G., 
Benfey, P., Friml, J., Kerr, I., Beeckman, T., Laplaze, L., and Bennett, M.J. 
(2008). The auxin influx carrier LAX3 promotes lateral root emergence. Nature 
Cell Biology 10, 946-954. 
Tabata, R., Sumida, K., Yoshii, T., Ohyama, K., Shinohara, H., and Matsubayashi, Y. 
(2014). Perception of root-derived peptides by shoot LRR-RKs mediates 
systemic N-demand signaling. Science 346, 343-346. 
Ulmasov, T., Murfett, J., Hagen, G., and Guilfoyle, T.J. (1997). Aux/IAA proteins 
repress expression of reporter genes containing natural and highly active 
synthetic auxin response elements. The Plant Cell 9, 1963-1971. 
Van Norman, J.M., Zhang, J., Cazzonelli, C.I., Pogson, B.J., Harrison, P.J., Bugg, T.D.H., 
Chan, K.X., Thompson, A.J., and Benfey, P.N. (2014). Periodic root branching in 
Arabidopsis requires synthesis of an uncharacterized carotenoid derivative. 
Proceedings of the National Academy of Sciences of the USA 111, E1300-E1309. 
Vanneste, S., De Rybel, B., Beemster, G.T.S., Ljung, K., De Smet, I., Van Isterdael, G., 
Naudts, M., Iida, R., Gruissem, W., Tasaka, M., Inzé, D., Fukaki, H., and 
Beeckman, T. (2005). Cell cycle progression in the pericycle is not sufficient for 
SOLITARY ROOT/IAA14-mediated lateral root initiation in Arabidopsis thaliana. 
The Plant Cell 17, 3035-3050. 
Wysocka-Diller, J.W., Helariutta, Y., Fukaki, H., Malamy, J.E., and Benfey, P.N. (2000). 
Molecular analysis of SCARECROW function reveals a radial patterning 
mechanism common to root and shoot. Development 127, 595-603. 
Zhou, W., Wei, L., Xu, J., Zhai, Q., Jiang, H., Chen, R., Chen, Q., Sun, J., Chu, J., Zhu, L., 
Liu, C.M., and Li, C. (2010). Arabidopsis tyrosylprotein sulfotransferase acts in 
|92| 
 
the auxin/PLETHORA pathway in regulating postembryonic maintenance of the 
root stem cell niche. The Plant Cell 22, 3692-3709. 
  
|93| 
 
 
Chapter 5: CEP3, environmental links 
and downstream pathways 
5.1 Introduction 
In the previous chapters, significant gains in our understanding of the role of CEP 
peptides were made. The isolation and characterisation of a cep3 knockout mutant, 
combined with an analysis of the CEP3 root architecture phenotypes using synthetic 
peptide assays and transgenic plants containing CEP over-expression constructs 
showed that CEP3 is a non-redundant, negative regulator of root growth.  
However, questions still remain about how CEP3 interacts with environmental 
signalling pathways and at what level it acts to affect cell cycle progression and 
consequently root growth. Therefore, this chapter focuses on the links between CEP3, 
nutrient signalling and growth pathways using developmental biology, genetic and 
transcriptomic tools. Specifically this chapter will answer the following questions: 
1. How is CEP3 activity affected by carbon and nitrogen availability and how does 
this affect root meristem development? 
2. What changes does CEP3 elicit at the transcriptional level? 
3. What systems/pathways does CEP3 specifically target in controlling root 
growth? 
The root apical meristem is a sink tissue that relies on nutrients (carbon and nitrogen, 
among others) for sustained growth (Forde, 2002; Martin et al., 2002; Sanz et al., 
2011; Xiong et al., 2013), which is defined by progression of the cell cycle and 
subsequent cell expansion (Beemster et al., 2003). After seed germination, root 
meristem growth is sustained by mobilisation of maternal nutrients stored in the seed 
(Martin et al., 2002; Graham, 2008; Xiong et al., 2013). However, these stores soon 
deplete and the young seedling must become self-sufficient by switching to 
photoautotrophic growth, where carbon is derived from photosynthesis and related 
reactions (Martin et al., 2002; Xiong et al., 2013). The meristem has an absolute 
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requirement for the products of photosynthesis and subsequent glucose metabolism 
for photoautotrophic activation (Xiong et al., 2013). This pathway is of fundamental 
importance. It requires TOR kinase activity and has been shown to be independent of 
hormone and hexokinase signalling and functions (Xiong and Sheen, 2012; Xiong et al., 
2013). Therefore, carbon, or more specifically glucose, is a nutrient signal that 
coordinates photosynthesis with meristem growth. Growth is also regulated by well-
documented crosstalk between carbon (C) and nitrogen (N) availability, as well as 
nitrogen availability per se (Martin et al., 2002). 
The requirements for nitrogen in root meristem activity are more complex and less 
well understood. Nitrogen must be acquired from the soil, primarily as nitrate. Uptake 
requires both high affinity and low affinity transport systems involving members of the 
NRT family, notably NRT2.1 and NRT1.1 respectively (reviewed in Bouguyon et al., 
2012). Once inside the plant, nitrate is usually transported to the vasculature, where 
NRT1.5 is responsible for xylem loading (Lin et al., 2008; Gojon and Gaymard, 2010; 
Chen et al., 2012a). In order to minimise energy expenditure and maximise efficiency, 
nitrate is predominantly transported to the shoots for reduction and assimilation 
where carbon skeletons produced by photosynthesis are in abundance (Smirnoff and 
Stewart, 1985; Andrews, 1986). The transporter NRT1.8 unloads nitrate from the xylem 
(Li et al., 2010) and nitrate is reduced by nitrate and nitrite reductase in the cytosol 
and plastids of mesophyll cells respectively (Guerrero et al., 1981; Crawford and Arst, 
1993). The resulting ammonia is then used in the synthesis of amino acids, which are 
loaded into the phloem for transport to sink tissues, including the RAM. However, 
under stress conditions, dramatic changes in this pathway are seen (Gojon and 
Gaymard, 2010; Li et al., 2010; Chen et al., 2012a). Coinciding with alterations in 
NRT1.5 and NRT1.8 expression, nitrate is retained in the roots (Gojon and Gaymard, 
2010; Li et al., 2010; Chen et al., 2012a). Alterations in root and shoot nitrogen 
allocation and assimilation pathways are seen as a result (Smirnoff and Stewart, 1985; 
Andrews, 1986; Hernández et al., 1997; Zhang et al., 2014). Mutants with altered 
nitrate allocation ability (nrt1.5) show enhanced tolerance to abiotic stress such as 
drought, excess salt and heavy metal toxicity (Chen et al., 2012a). Evidently, plants 
have developed complex signalling mechanisms to maximise the uptake and 
assimilation of nitrogen from soil based on the internal and external nitrogen status.  
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CEP3 is induced specifically as a result of changes to nitrogen status differentially in 
root and shoots (Delay et al., 2013). Additionally, cep3 shows enhanced tolerance to 
stress conditions, including nitrogen limitation (Delay et al., 2013; Chapter 4, Section 
3). Finally, changes in CEP3 expression resulted in altered root and shoot biomass 
(Delay et al., 2013; Chapter 3, Section 5). It was therefore hypothesised that CEP3 
mediates developmental change by altering nutrient demand or nutrient allocation. To 
establish how CEP3 affects root growth (cell cycle progression) in response to nitrogen 
and carbon availability, a system where growth could be nutritionally controlled and 
subsequently observed was used. The results from these experiments then formed the 
basis for examining changes in transcriptional regulation of CEP3 treated plants and 
the cep3 mutant. These data were used to identify the specific roles of CEP3 in 
mediating root responses to nutrient availability. 
5.2 Chapter-specific methods 
5.2.1 Plant growth conditions 
Unless otherwise indicated, plants were grown under controlled conditions with a 12 h 
photoperiod at 21oC. To impart suboptimal photosynthesis (while retaining diurnal 
cues), the light intensity was ≤ 50 µmol/m2/s1.  
5.2.2 Analysis of root meristem cell cycle activity 
These experiments were based on the methods described in Xiong et al. (2013). 
Arabidopsis seeds were germinated and grown aseptically in Corning Costar 12-well 
plates (CLS3513; Sigma Aldrich) containing 1 ml liquid medium. A maximum of 3 seeds 
per well were sown. Glucose, CEP3 peptide or mock (H2O) treatments were added to 
the wells and plates were swirled briefly to distribute the additive. EdU staining and 
visualisation was performed as described in Kotogany et al. (2010). Alexa-Fluor-488 
azide was coupled to the EdU alkyne using the Click-It EdU Alexa Fluor 488 Imaging Kit 
(Life Technologies) according to manufacturer’s instructions. Samples were mounted 
in water and observed with a Leica DM5500 microscope.   
5.2.3 RNAseq 
For the RNAseq experiment, three treatments were devised: WT, cep3 and WT+ CEP3 
(short-term addition of 1 µM CEP3 peptide). Samples were grown in liquid N-free 
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medium with restrictive light conditions (as described above) for 6 days. On day 6, 
roots were treated with CEP3 peptide or mock for 12 h. RNA was extracted from three 
pooled biological replicates per treatment (nine samples total) and sent to the 
Australian Genome Research Facility (AGRF) for library preparation and RNAseq.  
RNA samples were prepared, run and analysed at the Australian Genomic Research 
Facility using their standard procedures and pipelines for differential gene expression. 
RNA quality was assessed using a Bioanaylzer (Agilent Technologies) and all samples 
had an RNA Integrity Numbers (RIN) above 8.5 (except one, which had a RIN of 7.1). 
Nine samples were pooled and run in a single lane on a HiSeq2000 with single-end, 50 
bp reads. At least 24 million single reads were obtained per sample.  
Data were analysed using a Tophat-Cufflinks based RNAseq analysis pipeline and 
various cufflinks utilities and in-house scripts were used for expression profiling. An 
MDS plot revealed one of the three +CEP3 replicates did not cluster with the other two 
(Fig. 1).  
 
Figure 1. MDS plot showing clustering of RNAseq samples. Samples CD7-9 are WT control; samples 10-
12 are cep3; samples 13-15 are +CEP3. Sample CD10 was excluded as it did not cluster with samples 
CD11 and CD12. 
 
Therefore, to increase statistical power and reproducibility, this sample was excluded 
from the final analysis. Two analyses were performed: comparison 1, identifying 
differentially expressed genes between WT and +CEP3 treatments (“+CEP3”); and 
comparison 2, identifying differentially expressed genes between WT and cep3 
(“cep3”). Gene Ontology (GO) term enrichment analysis was performed using Generic 
Gene Ontology Term Finder (http://go.princeton.edu/cgi-bin/GOTermFinder). 
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Following the conventions of the GO consortium, terms were categorised as biological 
processes (the molecular pathway where the gene product is involved), cellular 
components (the part of the cell where the gene product functions) and molecular 
functions (the activity/function of a gene product). Standard GO terms for each of 
these categories were used. Comparative analysis to identify genes with reciprocally 
perturbed expression in +CEP3 and cep3 treatments (“combined analysis”) was done 
using Excel. 
5.3 CEP3 alters the root meristem response to C and N limitation 
As revealed in the previous chapter, CEP3 affects cell cycle activity in the RAM, 
potentially by regulating entry into the S-phase (Chapter 4 Section 5). Given that this 
severely affected root growth and that CEP3 was found to be induced in response to 
nutritional cues (Delay et al., 2013; Chapter 3 Section 4), it was hypothesised that CEP3 
affected the ability of the plant to effectively sustain photoautotrophic growth. 
Therefore, to explore the dynamics of CEP3 under C depletion and to examine whether 
it played a role in the heterotrophic/ photoautotrophic transition, a time course was 
performed. WT, cep3-1a or WT + 1 µM CEP3 (continuous exposure to CEP3 from 
imbibition) were grown in liquid ½ MS medium with minimal lighting for up to 7 days 
post germination (dpg). Sample roots were treated with EdU, harvested and the 
number of EdU positive cells per root was recorded (Fig. 2).  
 
Figure 2. CEP3 promotes entry into mitotic quiescence under carbon limitation. (A) Time course showing 
the number of meristematic cells undergoing DNA synthesis. Plants were gown in standard ½ MS liquid 
medium with restricted light (≤ 50 µmol/m2/s1) to prevent photoautotrophic growth. Red box indicates 
age of plants used in (B). (B) Number EdU positive cells after 24 hours of incubation with glucose. Dpg = 
days post germination Black shading = WT, no shading = cep3-1a, grey shading = WT + 1 µM CEP3 
peptide. n ≥ 5 for each time point. Letters indicate statistically significant differences within each time 
point (p < 0.05, ANOVA using Bonferroni multiple comparisons test (Genstat)). 
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The number of EdU positive cells was similar in WT and cep3-1a under ½ MS 
conditions, with a steady decline until day 6 (Fig. 2A). In CEP3 peptide treated plants 
however, the number of EdU positive cells was significantly reduced even at day 2 and 
cells reached mitotic quiescence by 3-4 days (Fig. 2A). After 5-6 days, when the 
majority of cells were no longer undergoing cell cycle in WT and cep3 (Fig. 2A, red box), 
glucose was added to all samples to examine re-initiation of the cell cycle. After 24 h of 
incubation with glucose, meristem cells from all three treatments had re-entered the 
cell cycle. CEP3 treated meristems had around 50% fewer cells undergoing DNA 
synthesis, as expected based on previous results showing that CEP3 reduces 
meristematic activity (Chapter 4 Section 5). These data indicated that CEP3 peptide 
caused cells in the RAM to enter quiescence much more rapidly. However, CEP3 did 
not affect the ability of the root meristem to switch form heterotrophic to 
photoautotrophic growth as meristems in all treatments could be reactivated by 
glucose addition.  
Previous results showed that CEP3 was strongly induced in roots by nitrogen starvation 
(Delay et al., 2013; Chapter 3 Section 4). Furthermore, treatment with CEP3 peptide 
resulted in a slowing of root growth (Delay et al., 2013; Chapter 4 Section 5) and 
reduced cell cycle activity (Chapter 4 Section 5). It was therefore hypothesised that 
CEP3 imparts a specific, “conservative-growth-rate” strategy by affecting nutrient 
allocation or balance in response to nitrogen limitation. To examine this, a novel 
experiment was designed to determine the effects of nitrogen starvation on 
meristematic growth. It is known that there is a strong interplay between carbon 
availability and the response to nitrogen (Stitt and Krapp, 1999; Malamy and Ryan, 
2001; Takatani et al., 2014). Therefore, in order to minimise any confounding effects 
caused by carbon availability, plants were grown under the same carbon-limited 
conditions as in the previous experiment (Fig. 2) and a nitrogen limitation was also 
imposed.   
Nitrogen was withheld by growing plants in N-free liquid medium (Fig. 3). To examine 
the effects of nitrogen starvation on WT, CEP3 peptide treated and cep3 plants, a time 
course was performed. As the previous results in ½ MS medium indicated that CEP3 (or 
lack thereof) primarily affected mitotic activity or quiescence over time, results were 
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measured as the percentage of plants with at least one mitotically active RAM cell 
(marked by EdU fluorescence indicating DNA synthesis had occurred). 
 
 
Figure 3. CEP3 levels affect mitotic activity under nitrogen starvation. (A) Time course showing the 
percent of roots with at least 1 EdU positive cell. Plants were grown in modified N-free liquid medium 
with restricted light to prevent photoautotrophic growth. (B) Percent of roots with at least 1 EdU 
positive cell after 24 h of incubation with 1 mM glucose. Black shading = WT, no shading = cep3-1a, grey 
shading = WT + 1 µM CEP3 peptide. n ≥ 10 roots. Letters indicate statistically significant differences 
within each time point (p <0.05, ANOVA using Bonferroni multiple comparisons test (Genstat)). 
 
These results showed that CEP3 clearly affects the developmental response to nitrogen 
starvation. Few CEP3 treated root cells showed EdU incorporation at day 5 and none 
had meristematic activity by 6 dpg, 2-3 days earlier than untreated plants (Fig. 3A). 
This is similar to the results seen in the previous experiment (Fig. 2), where CEP 
treatment induced mitotic quiescence earlier than in WT, perhaps as a result of altered 
nutrient allocation/use. Once meristematic activity had ceased in CEP3 peptide treated 
roots, glucose was not able re-activate CEP3 treated meristems, indicating they may 
have become permanently inactive rather than entering quiescence (Fig. 3B). The 
comparative responses of the WT and the cep3 mutant results provide support for this 
hypothesis. A much higher percentage of cep3 plants (90-100% compared with only 
50-70% of WT) remained mitotically active for a longer period of time (Fig. 3A). 
Surprisingly, glucose addition could still re-activate meristematic activity in 75% of 
cep3 roots compared to only 14% of WT roots, even after all samples in the population 
had ceased mitotic activity (compare day 9 and 10 results in Fig. 3A and B). This shows 
that cep3 could use nitrogen more efficiently under starvation conditions to sustain 
mitotic activity for a longer period. Unlike in the WT and CEP3 peptide treated plants, 
where meristems became permanently inactive, the cep3 meristems entered 
quiescence. This indicated that carbon became the limiting factor for these plants 
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before nitrogen did, supporting the assertion that CEP3 affects nutrient use or 
allocation. 
These nutrient depletion assays were then used to determine how quickly CEP3 
peptide was able to elicit a reduction in mitotic activity. Root meristems were 
nutritionally induced into mitotic quiescence by withholding carbon before being 
reactivated by glucose addition and assayed using EdU assays. Plants were grown for 5 
days in liquid ½ MS medium under minimal lighting to synchronise cells in the G0/G1 
phase (Xiong et al., 2013). Glucose or glucose + 1 µM CEP3 was then added at various 
time points to gauge how quickly the number of cells entering S phase was reduced by 
CEP3 peptide addition (Fig. 4). 
 
Figure 4. CEP3 peptide treatment reduces the number of root meristem cells in the S phase of the cell 
cycle within 12 h. Plants were grown in standard ½ MS liquid medium to synchronise meristematic cells. 
Glucose or 1 µM CEP3 + glucose was added at time 0 (after synchronisation) and plants were assayed at 
the specified times. ** p ≤ 0.01; *** p ≤ 0.001 (t-test, compared to no CEP treatment at the same time 
point). n = 5 roots per time point. 
 
After 12 h of treatment, CEP3 had significantly reduced the number of cells undergoing 
DNA synthesis (Fig. 4). The number of cells in S-phase continued to drop, reducing to 
around 50% after 24 h. This indicated that CEP peptide was perceived and subsequent 
signal transduction elicited a demonstrable phenotype within 12 h. To determine if this 
response was similar under N- free conditions, a similar experiment was undertaken 
using N-free liquid medium (Fig. 5). Similar results were seen, with CEP3 significantly 
reducing the number of cell in S-phase after 12 hours. 
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Figure 5. Under nitrogen starvation, CEP3 peptide treatment reduces the number of root meristem cells 
in the S phase of the cell cycle within 12 hours. Plants were grown in modified N-free liquid medium to 
synchronise meristematic cells. Glucose or 1 µM CEP3 +glucose was added at time 0 (after 
synchronisation) and plants were assayed at the specified times. No CEP results presented are at 12 
hours post glucose treatment. *** p ≤ 0.001 (t-test, compared to No CEP). n = 8 roots per time point. 
 
It was clear from the nutrient depletion assays presented that increasing levels of CEP3 
peptide affects root growth as a result of diminishing or inhibition cell cycle 
progression and that diminishing CEP levels in cep3 has the opposite effect.  Two likely 
scenarios may explain this: CEP could be affecting cell cycle directly or it could be 
altering nutrient allocation. As the N starvation assay produced a specific response to 
CEP3 perturbation in both the long (Fig. 3) and short term (Figs. 4 and 5), it was used to 
explore the downstream output of CEP3 in further detail using a transcriptomic 
approach. 
5.4 Transcriptomic profiling of the cep3 mutant and plants treated with 
CEP3 synthetic peptide 
In this thesis, much has been gleaned about the role of CEP3 in phenotypic control of 
root development. However, direct downstream targets had not been identified. In 
order to gain a better understanding of how CEP3 integrates with root development 
and nutrient signalling pathways, a transcriptomic experiment was designed.  
To identify bona fide CEP3 targets, three treatments were devised: WT, cep3 and WT+ 
1 µM CEP3. As revealed in Section 5.3, cep3 growth in carbon/nitrogen limiting 
conditions was markedly different to WT (Fig. 2). Growth, as measured by mitotic 
activity, was favoured in cep3, potentially due to more efficient nutrient allocation or 
use, presumably as a result of releasing CEP3 peptide dependent regulation of genes 
involved in these regulatory pathways. Therefore, WT, cep3 and WT+ CEP3 (short-term 
addition of 1 µM CEP3 peptide) samples were gown in liquid N-free medium with 
restrictive light conditions for 6 days. As CEP3 was able to elicit a measurable 
|102| 
 
phenotypic effect after 12 h (Figs. 3 and 4), 6-day-old roots were treated with CEP3 
peptide or mock for 12 h to identify direct downstream targets of CEP3  
5.4.1 RNAseq analysis: Treatment with CEP3 peptide (+CEP3) 
The +CEP3 treatment was designed to give insight into genes involved in the early 
(within 12 h) response of roots to CEP3 peptide addition. This experiment was 
designed to uncouple general N response from CEP3-mediated responses by starving 
plants of N before CEP3 addition (i.e. so that any perturbations in typical N responsive 
genes could be attributed specifically to CEP3 peptide addition rather than a general N 
starvation response).  
Compared to WT, a total of 416 genes had perturbed expression (+/- 1.5 log2 fold 
change (FC), p≤0.05), with 117 up-regulated and 299 down-regulated in the +CEP3 
treatment. GO term enrichment analysis was performed independently on genes that 
were significantly up- or down-regulated by this treatment to identify terms that were 
significantly overrepresented (Table 1 and Appendix 1). 
Table 1. GO terms significantly overrepresented in up- or down-regulated gene sets of +CEP3 treated 
RNAseq samples. All terms had a false discovery rate of 0. All results were highly significant (p<0.01; 
Bonferroni correction used). Redundant GO terms were combined/ deleted. A full list of AGI identifiers 
can be found in Appendix 1. 
 
Gene set GO Category GO Term % gene set 
DOWNREGULATED biological process cell wall organization or biogenesis 12 
DOWNREGULATED biological process anthocyanin-containing compound metabolic process 4 
DOWNREGULATED cellular component extracellular region 21 
DOWNREGULATED cellular component anchored component of membrane 4 
DOWNREGULATED molecular function hydrolase activity, acting on glycosyl bonds 5 
DOWNREGULATED molecular function structural constituent of cell wall 2 
UPREGULATED biological process response to sucrose/ disaccharide 6 
UPREGULATED biological process response to fructose 5 
UPREGULATED biological process response to absence of light 4 
UPREGULATED biological process cell wall disassembly 3 
UPREGULATED molecular function anion transmembrane transporter activity 6 
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Among down-regulated genes, two major categories were identified: genes involved in 
anthocyanin metabolism and cell wall biosynthesis. Additionally, expression of genes 
whose products were located in the extracellular region was significantly perturbed, 
comprising 21% of all down-regulated genes.  
Genes required for anthocyanin-containing compound metabolic processes accounted 
for 4% of down-regulated genes. This included genes involved in most of the 
anthocyanin biosynthesis pathways such as 4-COUMARATE-COA LIGASE-LIKE 3, 
TRANSPERANT TESTA (TT) 4, TT5, TT6/F3H, TT7 and FLAVANOL SYNTHASE (AT5G08640, 
AT5G13930, AT3G55120, AT3G51240, AT5G07990, AT5G08640). Examination of the 
change in expression of these genes revealed that most were down-regulated over 2 
fold (log2FC), indicating that the entire anthocyanin synthesis pathway was significantly 
down-regulated by CEP3 treatment. A similar pathway-wide down-regulation of 
anthocyanin biosynthesis genes was seen in Imin et al. (2013) in response to Medicago 
truncatula (Mt) CEP1 over-expression in transgenic Medicago roots. 
Genes involved in cell wall organisation or biosynthesis accounted for 12% of down-
regulated genes, indicating a significant overall reduction in cell wall biogenesis. This 
included arabinogalactans (At5G03170, At4G37450, At3G60900, At5G60490 and 
At2G20520), extensins (At4g08410, At4g08400), polygalacturonases/pectinases 
(At1g05650, At2g43880, At1g60390, At4g24780, and At1g11920), expansins 
(At3g15370, At1g10550, At2g03090, At2g28950, At4g01630 and At5g56320) and 
xyloglucan transferases (At4g28850, At3g23730 and At5g57530). Accordingly, most of 
these genes have functions that fall into the categories of hydrolase activity or 
structural constituents of cell wall, two significantly overrepresented terms under the 
molecular function GO category. Consistent with this decrease in genes that act in the 
process of cell wall modification, genes that function as structural constituents of the 
cell wall and that are located in the anchored component of the cell membrane were 
both over-represented in the down-regulated gene set. These data reflect the fact 
CEP3 addition results in significantly fewer cells being produced in the root meristem 
and corroborate observations showing that CEP3 peptide addition reduces root 
growth. 
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Treatment with CEP3 revealed that genes involved in reserve remobilisation and 
transport were over-represented in the up-regulated gene set. This included an 
increase in the expression of genes involved in the response to carbon or lack thereof 
(including response to sucrose/disaccharide/fructose/absence of light) and cell wall 
disassembly. This list included genes involved in amino acid/nitrogen metabolism, such 
as ASN1 (GLUTAMINE-DEPENDENT ASPARAGINE SYNTHASE 1; At3G47340), BCAT-2 
(BRANCHED-CHAIN AMINO ACID TRANSAMINASE; At1G10070), BCE2/LTA1/DIN3 (a 
dihydrolipoamide branched chain acyltransferase; At3G06850), THA1 (Threonine 
Aldolase 1; At1G08630), At1G21400, (a putative branched-chain alpha-keto acid 
dehydrogenase) and At3g08860 (a putative alanine-glyoxylate aminotransferase). It 
also included genes with transmembrane transporter activity (sugar, amino 
acid/nitrate transporter genes) including OCT1 (ORGANIC CATION/CARNITINE 
TRANSPORTER1; a carbohydrate transmembrane transporter), NRT1.5 (NITRATE 
TRANSPORTER 1.5; At1G32450) and amino acid transporter family proteins At2G41190 
and AAP4 (At5G63850). 
5.4.2 RNAseq analysis: cep3 
In the cep3 mutant, 470 genes were found to have significantly perturbed expression 
(+/- 1.5 log2 FC, p≤0.05), compared to the Col-0 control. Of these, the expression of 
334 genes was down-regulated and the expression of 145 was up-regulated. GO 
analysis of this gene set showed a large number of significantly enriched GO terms.  
In the down-regulated gene set, there was significant enrichment of 322 GO terms 
relating to biological processes, 8 terms from the molecular function categories and 47 
terms comprising cellular components (Table 2 and Appendix 2). This is in stark 
contrast to the +CEP3 treatment, where far fewer GO categories were found.  Over 
60% of the genes in the down-regulated set were involved in cellular and metabolic 
processes, with a large portion of them representing biological processes such as 
photosynthesis, carbohydrate and nitrogen derivative metabolic processes. 
Additionally, processes that were significantly overrepresented in the up-regulated 
+CEP3 gene set, such as response to sucrose/disaccharide and cell wall disassembly 
were overrepresented in the cep3 down-regulated set. These data indicate that 
different stress response programs were being activated by +CEP3 treatment, or by N-
starvation in WT compared to those active in cep3. 
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Table 2. Selected GO terms significantly overrepresented in the down-regulated gene set of cep3 
RNAseq samples. All terms had a false discovery rate of 0. All results are highly significant (p < 0.01; 
Bonferroni correction used). Redundant GO terms were combined/ deleted. List was abbreviated here 
due to space constraints, for a full list of significantly overrepresented GO terms for the down-regulated 
gene set, see Appendix 2. 
 
Gene set GO category GO term % gene set 
DOWNREGULATED biological process metabolic process 65 
DOWNREGULATED biological process cellular process 64 
DOWNREGULATED biological process 
nitrogen compound metabolic 
process 38 
DOWNREGULATED biological process photosynthesis 25 
DOWNREGULATED biological process 
carbohydrate derivative metabolic 
process 16 
DOWNREGULATED biological process response to sucrose disaccharide 7 
DOWNREGULATED biological process cell wall disassembly 2 
DOWNREGULATED molecular function metal ion binding 19 
DOWNREGULATED molecular function cation binding 19 
DOWNREGULATED molecular function oxidoreductase activity 13 
DOWNREGULATED molecular function tetrapyrrole binding 6 
DOWNREGULATED molecular function poly(U) RNA binding 1 
DOWNREGULATED molecular function G3P dehydrogenase (NADP+) activity 1 
 
There were far fewer significantly overrepresented terms in the up-regulated gene set 
(Table 3 and Appendix 3). Ten percent of this gene set was involved in root system 
development processes, which is unsurprising considering the phenotype of the cep3 
mutant compared to WT. Contrary to the +CEP3 treatment, secondary metabolite 
biosynthetic/metabolic processes were represented in the up-regulated gene set. This 
was complemented by enrichment of genes with tetrapyrrole binding and 
monooxygenase function (namely from the cytochrome P450 family of metabolic 
catalysts).  
Interestingly, 2% of the up-regulated gene set were involved in cellular response to 
nitrate and had nitrate transmembrane transporter activity. These genes all belonged 
to the NRT2 family of high affinity nitrate transporters (NRT2.1, NRT2.4 and NRT2.5). 
This indicates that cep3 may sustain high affinity nitrate uptake for a longer period 
than WT under nitrogen limitation and could explain how the mutant is able to 
continue root growth. This possibility is explored further in a subsequent section. 
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Table 3. GO terms significantly overrepresented in the up-regulated gene set of cep3 RNAseq samples. 
All terms had a false discovery rate of 0. All results are highly significant (p<0.01; Bonferroni correction 
used). Redundant GO terms were combined/deleted. A full list of AGI identifiers can be found in 
Appendix 3. 
 
Gene set GO category GO term % gene set 
UPREGULATED biological process root system development 10 
UPREGULATED biological process secondary metabolite biosynthetic process 8 
UPREGULATED biological process cellular response to nitrate 2 
UPREGULATED cellular component extracellular region 21 
UPREGULATED molecular function tetrapyrrole binding 6 
UPREGULATED molecular function monooxygenase activity 5 
UPREGULATED molecular function structural constituent of cell wall 5 
UPREGULATED molecular function nitrate transmembrane transporter activity 2 
 
5.4.3 RNAseq analysis: Combined analysis 
To identify genes that are most likely to be direct targets of CEP3, the +CEP3 and cep3 
datasets were analysed together. Genes that had significantly perturbed expression (≥ 
±1.5 log2FC, p≤0.05) and that were reciprocally regulated in both datasets (eg. up-
regulated in one treatment and down-regulated in the other) were identified. There 
were 34 genes down-regulated in cep3 that were up-regulated in +CEP3 and 23 that 
were up-regulated in cep3 and down-regulated in CEP3 (Fig. 6; Table 4). 
 
Figure 6. Venn diagram representing significantly reciprocally regulated genes in cep3 and +CEP3 
treatments. Numbers in red indicated up-regulated genes. Numbers in blue indicate down-regulated 
genes. 
 
Analysis of reciprocally regulated genes corroborated results of the GO term 
enrichment analysis above and also gave some new insights. Genes involved in cell wall 
organisation and biogenesis were again overrepresented, with several proline-rich 
extensin-like family proteins up-regulated in cep3 and down-regulated in the +CEP3 
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treatment. Genes involved in cellular response to sucrose were down-regulated in 
cep3 and up-regulated in +CEP3.   
Additionally, several genes involved in nutrient allocation pathways were identified in 
the reciprocally regulated gene set. ASN1, a glutamine-dependant asparagine 
synthase, synthesises asparagine and glutamate and is strongly induced by sugar (Lam 
et al., 1998). GAT1_2.1 is strongly repressed by nitrogen stress in shoots and affects 
shoot branching (Zhu and Kranz, 2012). Both of these genes were up-regulated in the 
+CEP3 treatment. SWEET13 and SWEET14, genes from a family of sugar transporters 
involved in phloem loading/ unloading (Chen et al., 2012b) were up-regulated in cep3. 
Analysis of the dynamics of CEP3-regulation of these genes (in red in Table 4) was 
subsequently performed using qRT-PCR. 
Table 4. Genes with significantly reciprocally perturbed expression in cep3 and +CEP3 treatments 
(p≤0.05, log2FC ≥ ±1.5). Red highlight indicates genes analysed by qRT-PCR in the next section.  
 
Gene ID Annotation cep3 log2(FC) 
+CEP3 
log(FC) 
AT5G52300 LOW-TEMPERATURE-INDUCED 65 (LTI65) -3.64 1.7 
AT1G52690 Late embryogenesis abundant protein (LEA) family protein -3.44 2.9 
AT4G36850 PQ-loop repeat family protein / transmembrane family protein -3.24 2.14 
AT1G08630 threonine aldolase 1 (THA1) -2.76 1.57 
AT4G01430 nodulin MtN21 /EamA-like transporter family protein -2.69 2.2 
AT5G66780 unknown protein -2.65 2.19 
AT3G47340 glutamine-dependent asparagine synthase 1 (ASN1) -2.58 2.83 
AT1G21400 Thiamine diphosphate-binding fold (THDP-binding) superfamily protein -2.4 1.52 
AT1G05680 Uridine diphosphate glycosyltransferase 74E2 (UGT74E2) -2.4 1.62 
AT1G10070 branched-chain amino acid transaminase 2 (BCAT-2) -2.28 1.61 
AT4G35770 SENESCENCE 1 (SEN1) -2.19 1.87 
AT4G31380 FPF1-like protein 1 (FLP1) -2.06 1.9 
AT1G15040 Class I glutamine amidotransferase-like superfamily protein (GAT1_2.1) -1.97 2.51 
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Gene ID Annotation cep3 log2(FC) 
+CEP3 
log(FC) 
AT4G15530 pyruvate orthophosphate dikinase (PPDK) -1.94 1.7 
AT3G55970 jasmonate-regulated gene 21 (JRG21) -1.93 3.14 
AT1G29920 chlorophyll A/B-binding protein 2 (CAB2) -1.88 2.12 
AT1G09310 Protein of unknown function, DUF538 -1.85 1.81 
AT1G15330 Cystathionine beta-synthase (CBS) protein -1.76 2.15 
AT3G08860 PYRIMIDINE 4 (PYD4) -1.66 2.39 
AT4G33467 unknown protein -1.63 1.92 
AT5G25610 RESPONSIVE TO DESSICATION 22 (RD22) -1.61 1.87 
AT5G02020 unknown protein -1.59 1.57 
AT2G18550 homeobox protein 21 (HB21) -1.56 2.15 
AT1G73580 Calcium-dependent lipid-binding (CaLB domain) family protein 1.52 -1.62 
AT5G47980 HXXXD-type acyl-transferase family protein 1.56 -1.83 
AT2G39040 Peroxidase superfamily protein 1.6 -2.2 
AT2G29130 laccase 2 (LAC2) 1.61 -1.81 
AT4G25010 Nodulin MtN3 family protein (SWEET14) 1.62 -2.01 
AT4G25790 
CAP (Cysteine-rich secretory proteins, Antigen 5, 
and Pathogenesis-related 1 protein) superfamily 
protein 
1.64 -1.97 
AT5G49080 similar to proline-rich extensin-like family protein (TAIR:AT5G06640.1) 1.66 -2.25 
AT3G07490 ARF-GAP domain 11 (AGD11) 1.67 -3.4 
AT5G07190 seed gene 3 (ATS3) 1.68 -2.42 
AT4G08400 Proline-rich extensin-like family protein 1.7 -2.23 
AT4G08410 Proline-rich extensin-like family protein 1.71 -2.1 
AT5G06630 proline-rich extensin-like family protein 1.74 -2.6 
AT2G24980 Proline-rich extensin-like family protein 1.76 -1.98 
AT3G29110 Terpenoid cyclases/Protein prenyltransferases superfamily protein 1.8 -3.17 
AT4G19680 iron regulated transporter 2 (IRT2) 1.8 -1.54 
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Gene ID Annotation cep3 log2(FC) 
+CEP3 
log(FC) 
AT5G35190 proline-rich extensin-like family protein 1.82 -2.47 
AT5G06640 Proline-rich extensin-like family protein 1.82 -1.71 
AT3G58990 isopropylmalate isomerase 1 (IPMI1) 1.85 -1.59 
AT4G12545 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein 1.87 -2.1 
AT1G66800 NAD(P)-binding Rossmann-fold superfamily protein 1.87 -1.88 
AT5G26080 proline-rich family protein 1.89 -3.65 
AT4G28850 xyloglucan endotransglucosylase/hydrolase 26 (XTH26) 1.94 -2.87 
AT1G11920 Pectin lyase-like superfamily protein 1.94 -1.77 
AT2G25150 HXXXD-type acyl-transferase family protein 2.01 -2.79 
AT5G50800 Nodulin MtN3 family protein (SWEET13) 2.18 -2.25 
AT4G08620 sulphate transporter 1 2.18 -2.67 
AT5G23980 ferric reduction oxidase 4 (FRO4) 2.35 -2.8 
AT3G15370 expansin 12 (EXPA12) 2.5 -4.17 
AT2G20520 FASCICLIN-like arabinogalactan 6 (FLA6) 2.52 -2.64 
AT3G03190 glutathione S-transferase F11 (GSTF11) 2.53 -1.85 
AT4G12550 Auxin-Induced in Root cultures 1 (AIR1) 2.63 -1.57 
AT4G11190 Disease resistance-responsive (dirigent-like protein) family protein 2.72 -4.53 
AT3G19710 branched-chain aminotransferase4 (BCAT4) 2.73 -1.58 
AT3G19430 late embryogenesis abundant protein-related / LEA protein-related 2.75 -2.27 
 
The RNAseq experiment was designed to detect differences in expression of genes 
involved in nutrient signalling pathways, where CEP3 was likely acting after long-term 
nutrient stress. Of the reciprocally regulated genes, several candidates involved in 
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nutrient allocation pathways were identified and selected for further analysis. To 
demonstrate that these genes were regulated specifically in response to CEP3 under 
conditions where CEP3 is normally strongly induced (N-free medium) or upon 
application of synthetic CEP3 peptide, a transfer experiment with multiple time points 
was designed. These experiments were performed to determine if CEP3 was a crucial 
factor in the regulation of these genes in response to short to medium-term nutrient 
stress and to assay the dynamics and specificity of CEP3 regulation. WT or cep3-1a 
plants were grown on standard ½ MS medium for 6 days and then transferred to 
modified N-free medium for 6, 12 or 24 h before roots and shoots were harvested 
separately. Additionally, WT plants were grown on standard ½ MS medium for 6 days 
and then transferred to standard medium supplemented with 1 µM of either CEP3 or 
CEP1 synthetic peptide for 6, 12 or 24 h (Fig. 7). This experiment was performed under 
16 hour day conditions. 
 
Figure 7. Analysis of key nutrient allocation pathway genes identified in the RNAseq experiment. Plants 
were transferred from ½ MS medium to nitrogen-free medium (N-free) or ½ MS medium supplemented 
with 1 µM CEP3 (+CEP3) or CEP1 (+CEP1) peptide (or standard ½ MS for control treatments) for the 
specified time periods before roots were harvested. Results are presented as log2 fold change compared 
to internal (At1g07920 and At3G11130) and external controls (WT, untreated where applicable). nd = no 
data. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001 (t-test). 
 
|111| 
 
In the RNAseq experiment, ASN1 was induced over 7 fold in the +CEP3 treatment 
(Table 4). Strong induction of this gene was seen here in the +CEP3 treatment, six 
hours after exposure (Fig. 7A). This induction was specific to CEP3 peptide treatment, 
as no significant perturbation in expression was observed after CEP1 peptide 
treatment. After 12 h, ASN1 expression was strongly and specifically repressed by CEP3 
treatment. Both the induction and suppression of ASN1 caused by excess CEP3 
application was not seen in the cep3 mutant, where no significant perturbation was 
observed in the short-medium term. After 24 h, repression was seen in both +CEP3 
and +CEP1 treatments, indicating that this is a more general response to excess CEP. 
This was mirrored in the mutant, with ASN1 expression being significantly induced. 
These results revealed the dynamics of ASN1 regulation by CEP3 and more generally by 
CEPs. They highlight the differences between the short-term stress response signalling 
causing rapid induction of nutrient remobilisation genes and the more sustained stress 
response pathways, where resources must be carefully allocated to prolong survival. 
The expression of the nitrogen-starvation responsive GAT1 gene was induced over 5.5 
fold in the RNAseq +CEP3 treatment (Table 4). This gene, which controls shoot 
branching, is strongly repressed by nitrogen starvation (Zhu and Kranz, 2012), implying 
it is one of the many genes responsible for the change in plant architecture as a 
consequence of nitrogen stress. The qRT PCR results showed induction of this gene 
after 24 h of exposure to CEP, although this was not a CEP3-specific result (Fig. 7B). 
Reciprocal repression in the cep3 mutant was also seen, suggesting CEP3 alone is 
required for repression of GAT1 due to nitrogen starvation.  
The RNAseq experiment showed that the expression of sugar transporters SWEET13 
and SWEET14 was strongly induced in cep3, suggesting more efficient use or allocation 
of resources in the absence of CEP3 (Table 4). This was in a condition where both 
nitrogen and carbon were limiting. In this qRT-PCR experiment, where only nitrogen 
was limiting, neither SWEET was induced in the mutant at any time point (Fig. 7C and 
D). There was, however, specific repression by CEP3 only after 6 h of exposure.  After 
longer exposure, that trend reversed and expression tended to be induced by 
application of either CEP. While these results do show a specific response to excess 
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CEP3, they also demonstrate that the CEP3 response is carefully integrated with the 
overall nutrient status of the plant.  
5.4.4 RNAseq analysis: Cell cycle and nitrogen pathways 
The prevailing hypothesis for how CEP3 was acting was that it was affecting cell cycle 
either directly or indirectly by reducing the supply of essential resources (N) to the root 
meristem. The single and combined analyses performed above indicated that some 
genes involved in the nitrogen pathway were over-represented (Tables 3 and 4). On 
the other hand, cell cycle genes were not among over-represented GO categories. To 
resolve this issue, genes involved in both cell cycle and nitrogen assimilation pathways 
were identified and their expression levels examined in both datasets (Tables 5 and 6). 
Table 5. Expression of selected cell cycle regulators. The log2(FC) values for +CEP3 and cep3 treatments 
for selected cell cycle regulators are shown. n.s. = not significantly perturbed. Blue boxes indicate genes 
of interest discussed in text. Orange box highlights genes of interest that show discrepancies (see text). 
 
Function Annotation Gene ID +CEP3 log2(FC) 
cep3 
log2(FC) 
Regulates G1/S transition CycD1.1 At1g70210 0.43 n.s. 
 CycD3.1 At4g34160 -0.73 n.s. 
Regulates G1/S transition and G1/M CycD4.1 At5g65420 -0.86 n.s. 
Regulates G2/M transition CDKA At3g48750 n.s. n.s. 
 CDKB1.1 At3g54180 -0.74 0.43 
 CDKB1.2 At2g38620 -0.80 0.40 
 CDKB2.1 At1g76540 n.s. n.s. 
 CDKB2.2 At1g20930 n.s. n.s. 
 CycB1.1 At4g37490 n.s. n.s. 
Active during G1/S and M CycA1.1 At1g44110 -0.75 n.s. 
 CycA2.3 At1g15570 -0.51 n.s. 
Mitotic inhibitor CCS52A2 At4g11920 0.37 n.s. 
 Wee1 At1g02970 -0.85 n.s. 
 ICK1/KRP1 At2g23430 n.s. n.s. 
 ICK2/KRP2 At3g50630 n.s. 0.37 
E2F transcription factor E2Fa AT2G36010 -0.68 n.s. 
 E2Fb AT5G22220 0.58 -0.45 
 E2FC AT1G47870 n.s. n.s. 
 DEL1/E2Fe At3g48160 -0.95 n.s. 
 DEL2/ E2Fd AT5G14960 n.s. n.s. 
 DEL3/ E2Ff AT3G01330 n.s. n.s. 
E2F dimerization partner DPA AT5G02470 n.s. n.s. 
 DPB AT5G03415 0.61 n.s. 
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Function Annotation Gene ID +CEP3 log2(FC) 
cep3 
log2(FC) 
     
E2F target genes MCM3 AT5G46280 -0.80 n.s. 
 CDC6 AT1G07270 n.s. n.s. 
 CDT1 AT2G31270 -0.84 n.s. 
 PCNA2 AT2G29570 -0.85 n.s. 
 ATRBR1 AT3G12280 n.s. n.s. 
 RNR2A AT3G23580 n.s. n.s. 
 
Analysis of cell cycle regulatory genes perturbed in both +CEP3 and cep3 showed 
limited evidence for direct CEP3 targets (Table 5). In the +CEP3 treatment, 11 of the 15 
significantly perturbed genes were down-regulated, which is to be expected given 
adding CEP3 peptide leads to a decrease in cell cycle activity. Those genes that were 
up-regulated included a mitotic inhibitor (CCS52A2), a regulator of the G1/S transition 
(CYCD1.1), the G1/S transcription factor E2Fb and dimerization partner DPB. Of the 
four genes perturbed in cep3, three were perturbed in the opposite direction 
compared with the +CEP3 treatment; E2Fb and downstream targets CDKB1.1 and 
CDKB1.2. However, other downstream targets of E2F were down-regulated by CEP3. 
Thus, there was no clear evidence for mis-regulation of cell cycle pathways due to 
CEP3-induced expression changes in these genes 
Table 5. Expression of selected cell cycle regulators. The log2(FC) values for +CEP3 and cep3 treatments 
for selected cell cycle regulators are shown. n.s. = not significantly perturbed. Blue boxes indicate genes 
of interest discussed in the text. Orange box highlights genes of interest that show discrepancies as 
discussed in the text. 
 
Function Annotation Gene ID +CEP3 log2(FC) 
cep3 
log2(FC) 
Regulates G1/S transition CycD1.1 At1g70210 0.43 n.s. 
 CycD3.1 At4g34160 -0.73 n.s. 
Regulates G1/S transition and G1/M CycD4.1 At5g65420 -0.86 n.s. 
Regulates G2/M transition CDKA At3g48750 n.s. n.s. 
 CDKB1.1 At3g54180 -0.74 0.43 
 CDKB1.2 At2g38620 -0.80 0.40 
 CDKB2.1 At1g76540 n.s. n.s. 
 CDKB2.2 At1g20930 n.s. n.s. 
 CycB1.1 At4g37490 n.s. n.s. 
Active during G1/S and M CycA1.1 At1g44110 -0.75 n.s. 
 CycA2.3 At1g15570 -0.51 n.s. 
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Function Annotation Gene ID +CEP3 log2(FC) 
cep3 
log2(FC) 
Mitotic inhibitor CCS52A2 At4g11920 0.37 n.s. 
 Wee1 At1g02970 -0.85 n.s. 
 ICK1/KRP1 At2g23430 n.s. n.s. 
 ICK2/KRP2 At3g50630 n.s. 0.37 
E2F transcription factor E2Fa AT2G36010 -0.68 n.s. 
 E2Fb AT5G22220 0.58 -0.45 
 E2FC AT1G47870 n.s. n.s. 
 DEL1/E2Fe At3g48160 -0.95 n.s. 
 DEL2/ E2Fd AT5G14960 n.s. n.s. 
 DEL3/ E2Ff AT3G01330 n.s. n.s. 
E2F dimerization partner DPA AT5G02470 n.s. n.s. 
 DPB AT5G03415 0.61 n.s. 
E2F target genes MCM3 AT5G46280 -0.80 n.s. 
 CDC6 AT1G07270 n.s. n.s. 
 CDT1 AT2G31270 -0.84 n.s. 
 PCNA2 AT2G29570 -0.85 n.s. 
 ATRBR1 AT3G12280 n.s. n.s. 
 RNR2A AT3G23580 n.s. n.s. 
 
Analysis of genes involved in nitrogen uptake, transport and assimilation, as alluded to 
in previous analyses, provided more evidence for direct CEP3 targets. The results of 
this RNAseq experiment were put in the context of results obtained from similar or 
relevant gene expression studies of Arabidopsis roots published in the literature and 
available online (Table 6). A study by Krapp et al. (2011), looked at the transcriptional 
effects of medium (2 days) to long (10 days) term nitrogen starvation on roots using 
microarrays. This study used roots from plants grown hydroponically for 5 weeks in 
high-nitrate medium that were then transferred to N-free medium for 2 or 10 days 
(Krapp et al., 2011). Additionally, data from Tabata et al. (2014) was mined. 
Unfortunately, Tabata et al. (2014) only published data for the top 500 down-regulated 
genes in the cepr1,cepr2 mutant, not their entire dataset. Therefore, up-regulated 
genes and other down-regulated genes could not be included in this comparison. 
Additionally they did not provide detail on growth conditions, sample preparation or 
data analysis, so it can only be presumed that plants were transferred to N-starvation 
conditions (as high affinity nitrate transporter NRT2.1 was of particular interest to 
them), were 12-days-old and grown under low-light conditions similar to plants used in 
their other assays (Tabata et al., 2014).  
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Among low-affinity nitrate transporters, NRT1.5 was the only significant reciprocally 
perturbed gene, induced by CEP3 addition and repressed in its absence (Table 6). 
Interestingly, its expression was also repressed in the cepr1,2 mutant, providing 
evidence that CEP3, through CEPR1, CEPR2 or both, may regulate NRT1.5 expression in 
roots in response to long and short-term N stress exposure. The high-affinity 
transporter NRT2.1 was also strongly repressed in the cepr1,2 mutant, however it was 
induced in the cep3 mutant. These data indicate that CEP3 is required for long-term 
suppression of NRT2.1, but also that CEPR1,2 are required for shorter-term induction 
of this gene, highlighting the fact that CEPR1,2 may not be the only CEP3 receptors. 
Other high-affinity transporters NRT2.4 and NRT2.5 were up-regulated in the cep3 
mutant. These genes were also generally up-regulated in response to 10-days of N 
starvation.  
A decrease in expression of nitrate and nitrite reductase genes was generally seen in 
response to N starvation after both 2 and 10 days (Table 6). CEP3 addition also led to 
down-regulation of NR1, while NR1, NR2 and NiR1 were all up-regulated in cep3. These 
suggest CEP3 is required for repression of nitrate and nitrite reduction genes in the 
roots upon nitrate starvation.  Three glutamine synthase genes, GOGAT1, GOGAT2 and 
ASN2 were also up-regulated in cep3 indicating that the whole nitrate assimilation 
pathway may be affected by CEP3. CEP3 appears to be required for the induction of 
ASN1 as noted in the previous section.  
Table 6. Expression of key genes in the nitrate assimilation pathway (as identified in numerous 
publications). The log2(FC) values for +CEP3 and cep3 treatments are shown alongside log2(FC) results 
from published studies by Krapp et al. (2011) and Tabata et al.  (2014). n.s. = not significantly perturbed. 
n.d. indicates no data was available. Blue boxes indicate genes of interest discussed in the text. Orange 
box highlights gene of interest that shows discrepancies as discussed in the text. 
 
 
Annota-
tion 
    This study__    Krapp et al. 2011 Tabata et al. 2014  
 Gene ID +CEP3 cep3 2 d -N 10 d -N cepr1,2 
Nitrate transport 
Low-  NRT1.1 At1g12110 0.92 n.s. -0.82 n.s. -0.83 
Affinity NRT1.2 At1g69850 n.s. n.s. n.s. n.s. n.d. 
nitrate NRT1.3 At3g21670 n.s. 0.65 n.s. 1.73 n.d. 
transporter NRT1.4 At2g26690 n.s. -0.77 n.s. n.s. n.d. 
 NRT1.5 At1g32450 1.55 -0.50 n.s. n.s. -0.75 
 NRT1.8 At4g21680 n.s. n.s. n.d. n.d. n.d. 
 NRT1.9 At1g18880 n.s. -0.07 n.s. n.s. n.d. 
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Annota-
tion 
    This study__    Krapp et al. 2011 Tabata et al. 2014  
 Gene ID +CEP3 cep3 2 d -N 10 d -N cepr1,2 
High-
affinity 
nitrate 
transporter 
NRT2.1 At1g08090 n.s. 1.80 n.s. n.s. -2.97 
NRT2.2 At1g08100 n.s. n.s. 0.76 n.s. n.d. 
NRT2.3 At5g60780 n.s. n.s. n.s. 0.72 n.d. 
NRT2.4 At5g60770 -0.83 1.85 0.97 2.22 n.d. 
NRT2.5 At1g12940 n.s. 1.86 n.d. 4.92 n.d. 
NRT2.6 At3g45060 n.s. n.s. n.d. n.s. n.d. 
NRT2.7 At5g14570 0.51 n.s. n.s. n.s. n.d. 
 
Nitrate reduction 
Nitrate 
reductase 
NR1 At1g77760 -1.26 1.38 -2.38 -2.58 n.d. 
NR2 At1g37130 -0.33 0.76 n.s. n.s. n.d. 
Nitrite 
reductase NiR At2g15620 n.s. 0.73 -1.60 -0.82 n.d. 
Urophorph
yrin III 
methylase 
UPM1 At5g40850 n.s. 0.38 n.s. n.s. n.d. 
Fd NADP (+) 
reductase 
RFNR1 At4g05390 n.s. n.s. n.s. n.s. n.d. 
RFNR2 At1g30510 n.s. 0.48 -1.12 n.s. n.d. 
 At4g32360 n.s. n.s. n.s. n.s. n.d. 
FNR1 At5g66190 n.s. -1.42 n.s. n.s. n.d. 
FNR2 At1g20020 n.s. -1.78 n.s. n.s. n.d. 
 At5g66810 0.49 n.s. n.s. n.s. n.d. 
Ferredoxin/ 
ferredoxin 
precursor 
putative At2g27510 n.s. 0.39 n.d. n.s. n.d. 
 At4g14890 n.s. n.s. n.s. n.s. n.d. 
 At1g32550 n.s. n.s. n.s. n.s. n.d. 
putative At5g07950 n.s. n.s. n.s. n.s. n.d. 
FD1 At1g10960 -0.36 n.s. n.s. n.s. n.d. 
FED A At1g60950 n.s. -0.99 n.d. n.d. n.d. 
 
Ammonia assimilation 
Glutamine 
synthase 
GS1-1 At5g37600 n.s. 0.58 n.s. 0.87 n.d. 
GS1-2 At1g66200 0.81 n.s. n.s. n.s. n.d. 
GS1-3 At3g17820 n.s. 0.33 n.d. n.d. n.d. 
GS1-4 At5g16570 -0.90 0.81 n.d. n.d. n.d. 
GS1-5 At1g48470 n.s. n.s. n.s. n.s. n.d. 
Glutamate 
synthase 
GS2 At5g35630 n.s. 0.28 n.s. n.s. n.d. 
GS3 At3g53180 n.s. n.s. n.s. n.s. n.d. 
GOGAT1 At5g04140 n.s. -1.92 n.s. n.s. n.d. 
GOGAT2 At2g41220 0.27 0.37 n.s. 1.47 n.d. 
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Annota-
tion 
    This study__    Krapp et al. 2011 Tabata et al. 2014  
 Gene ID +CEP3 cep3 2 d -N 10 d -N cepr1,2 
GOGAT3 At5g53460 n.s. n.s. -1.20 n.s. n.d. 
Asparagine 
synthase 
ASN1 At3g47340 2.83 -2.58 n.s. 1.18 n.d. 
ASN2 At5g65010 -0.80 0.31 n.s. -0.88 n.d. 
ASN3 At5g10240 -0.68 n.s. n.s. n.s. n.d. 
5.5 Discussion 
5.5.1 The role of CEP3 in growth and resource allocation pathways 
Root growth is governed by the internal and external availability of and balance 
between different nutrients. It involves trade-offs between nutrient acquisition, 
assimilation and mobilisation to effectively regulate growth strategies. This is evident 
in the developmental programs invoked in response to the availability of different 
nutrients. For example, root meristems require carbon for activation. If carbon is 
limiting, meristems are not activated and they remain in quiescence – a state of 
mitotic dormancy that can be broken only by the supply of sucrose or glucose (but not 
other sugars, amino acids or hormones; Xiong et al., 2013). This dormancy is 
accompanied by a whole suite of metabolic changes, with growth being stalled and cell 
cycle genes repressed (Xiong et al., 2013). The key regulator of this pathway is TOR, a 
kinase that activates cell cycle regulator E2F, which in turn activates genes required 
for progression of the cell cycle (Ren et al., 2012; Xiong et al., 2013). Hence in this 
developmental program, growth is governed by exclusively by carbon supplied from 
photosynthesis.  
Roots also require nitrogen for growth. If nitrogen is limiting, a foraging strategy is 
invoked and root growth is accelerated (Bouguyon et al., 2012). There are once again 
stark metabolic changes under these conditions, however they are geared towards 
increased growth, forcing the plant to re-mobilise nutrient stores (Wang et al., 2000; 
Scheible et al., 2004; Gutiérrez et al., 2007). Therefore, in the root tip, nitrogen 
limitation-driven growth relies on nutrient re-allocation.  
The output of the sugar-governed pathway, which is controlled by TOR kinase, can be 
assayed by withholding carbon supply and prohibiting photosynthesis and observing 
the subsequent halt in cell cycle progression (Xiong et al., 2013). Once carbon is re-
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supplied, the re-activation of cell cycle can be observed in a similar way. It was shown 
in this chapter that CEP3 is not required for inducing or releasing mitotic quiescence as 
the cep3 mutant performed no differently in these assays (Fig. 2). This indicated that 
CEP3 was not involved in the TOR-controlled sugar responsive developmental 
program.  
A novel experiment was then devised to assay the role of CEP3 in growth regulated by 
nutrient re-allocation (Fig. 3). In this case, carbon supply was limited, nitrogen was also 
withheld and growth was then measured by observing cell cycle progression. This 
experiment showed that CEP3 plays an instrumental role in restricting nutrient 
allocation under this developmental program. In the absence of CEP3, growth 
continued until carbon supply was depleted, and could be re-activated by resupplying 
carbon. In the WT however, growth was permanently arrested after nitrogen supplies 
were depleted, as suppling carbon could not reactivate growth. This indicated that CEP 
is required for stopping root growth before resources are fully depleted.  
There were two possibilities for how CEP3 could slow root growth before resource 
depletion: it could either be restricting the availability of nutrients in the root by 
directly altering nutrient stress induced resource re-allocation pathways; or it could be 
restricting the demand of the root tip by directly altering cell cycle pathways. To 
resolve these possibilities, a transcriptomic experiment was performed using the 
carbon and nitrogen depletion assays, discussed below.  
5.5.2 The CEP3 growth economy: Does CEP3 alter growth by targeting nutrient 
supply or demand? 
Identifying direct targets of peptide signalling pathways is no easy task, as 
demonstrated by a dearth of information about most regulatory peptide pathways in 
the literature. Transcriptomic profiling is one approach commonly used to investigate 
regulatory frameworks or pathways. In order for this type of experiment to be 
meaningful, experiments have to be carefully designed to minimise indirect effects and 
artefacts of growth conditions/ treatments. Therefore, the RNAseq experiment was 
designed based on a condition where the difference in phenotypes between the 
absence and presence of CEP3 was greatest and where confounding factors were 
limited (Fig. 2). Mutant analysis is one effective strategy for transcriptomics. In this 
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experiment, the cep3 mutant was used to explore how plants could continue to grow 
in the absence nitrogen. Additionally, a CEP3 peptide addition treatment was used to 
identify short-term responses to CEP3 specifically. These two treatments were then 
analysed together to identify common targets and pathways.  
Major processes affected by an excess or absence of CEP3 reflected a general change 
in root growth. Cell wall biosynthesis/ metabolism and secondary metabolism (namely 
anthocyanin biosynthesis) pathways were generally perturbed. This included both 
genes whose products have a structural function as well as those that have hydrolase 
activity. Changes in expression of individual cell wall modification genes can result in 
altered accumulation of oligosaccharins or saccharide polymers, affecting the 
mechanism of cell wall biogenesis and plasticity and causing growth defects (Creelman 
and Mullet, 1997; Sampedro et al., 2010; Sampedro et al., 2012). In +CEP3 treatment, 
blanket down-regulation of a multitude of genes involved in cell wall processes was 
observed, indicating that there is a general decrease in cell wall bio- and morpho-
genesis. This is consistent with the phenotypes of CEP3 treated plants (or transgenic 
plants over-expressing CEP3), where no defects in cell morphology or patterning were 
observed, rather there were simply fewer cells being produced (see Chapter 4 Section 
5). 
A significant down-regulation of the anthocyanin pathway was observed upon CEP3 
treatment. This is similar to results reported in Medicago truncatula upon MtCEP1 
over-expression in transgenic roots (Imin et al., 2013). This is somewhat counter-
intuitive as the anthocyanin pathway is known to be induced by stress conditions. 
Accumulation of anthocyanin compounds (and pathway by-products, flavonoids), is 
common under nutrient stress, light stress and in response to pathogen infection 
(Kolesnikov and Zore, 1957; Bhatla and Pant, 1977; Hipskind et al., 1996; Diaz et al., 
2006; Takatani et al., 2014). Accumulated anthocyanin or flavonoid products have 
photoprotective and antioxidant properties and defects in accumulation can have 
penalties on growth and development (Neill and Gould, 2003). However, a recent 
study indicated that an absence of anthocyanins does not affect plant growth or 
development under nitrogen limiting conditions (Misyura et al., 2013). Furthermore, 
the production of anthocyanin pathway compounds and by-products come at a 
|120| 
 
metabolic cost:  many enzymes are required in the synthesis pathway; carbon and 
nitrogen-containing precursors are required to feed into the pathway; and transport 
and vacuolar sequestration of products is required (Shirley, 1996). Therefore, similar to 
the down-regulation of cell wall biosynthesis genes, it appears that decrease in the 
expression of genes involved in the anthocyanin pathway is a consequence of the 
resource conservation strategy imparted by CEP3. This is corroborated by the cep3 
results, where secondary metabolite metabolic processes were generally up-regulated.  
The growth-altering effect of CEP3 was clearly seen by differential regulation of genes 
required for cell wall and secondary metabolism, confirming the treatments used were 
specific and resulted in the desired transcriptomic changes inferred by the phenotype. 
The aim of the experiment was to determine why CEP3 alters growth by distinguishing 
whether CEP3 affects nutrient supply or demand. If it was affecting demand, one 
would expect to see the expression of cell cycle genes perturbed specifically in 
response to CEP3 addition and more generally in the mutant. If it was affecting supply, 
one would expect to see a difference in genes responsible for nutrient metabolism, 
assimilation or re-mobilisation.  
The results clearly showed that cell cycle genes were not over-represented in the gene 
sets of either treatment. A closer analysis of genes known to be involved in cell cycle 
presented inconclusive evidence for a direct role of CEP3 in their regulation. The 
transcription factor E2Fb, DIMERISATION PARTNER (DP) A and CYCLIN DEPENDANT 
KINASE (CDK) B1.1 have been implicated in the same regulatory pathway mediating 
the switch between the mitosis and endoreduplication. E2Fb, a target of auxin 
signalling, plays a role in determining cell cycle exit (Magyar et al., 2005). It interacts 
with DPA to stimulate cell division and its over-expression leads to a decrease in cell 
cycle duration, increase in cell numbers and decrease in cell size (Magyar et al., 2005; 
Sozzani et al., 2006). In E2Fb-DPa over-expressing plants, CDKB1.1 was up-regulated 
(Boudolf et al., 2004). When E2Fb-DPa expression was increased in the cdkb1.1 
background, endoreduplication was favoured and mitotic cell division was repressed. 
This function is compatible with the changes in E2Fb and CDKB1.1 expression and 
phenotype seen in the +CEP3 treatment, where E2Fb was increased CDKB1.1 was 
decreased (Table 5) and cell division activity was decreased (Figs. 2-5; Chapter 4). 
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However, an increase in the endocycle, which would be indicated by EdU-staining in 
tissues outside the MZ, was not observed. Additionally, DPA expression, required 
together with E2Fb for activity, was not significantly changed by +CEP3 treatment. 
Finally, an increase in E2Fb has been shown induce the expression of numerous genes, 
including E2Fa, MCM3, CYCD3, CDC6 and PNCA (Sozzani et al., 2006), whose 
expression was actually repressed by CEP3 treatment. While it cannot be ruled out 
CEP3 does directly affect cell cycle, there was more evidence for it affecting the supply 
of nutrients to the meristem, resulting in the observed growth phenotypes.   
The expression of many genes involved in nitrogen uptake, transport and assimilation 
were perturbed in the different treatments. In plants treated with CEP3 peptide, it 
appeared that nitrogen (both as nitrate and assimilated forms) was being re-
distributed to the shoot. This was evident in the induction of the long-distance nitrate 
transporter NRT1.5, amino acid biosynthesis gene ASN1 and two amino acid 
transporter genes (AAP4 and At2G41190).  
NRT1.5 in the root, together with NRT1.8 in the shoot, controls the transport of nitrate 
from the site of uptake to the site of assimilation under normal conditions (Lin et al., 
2008; Li et al., 2010; Chen et al., 2012a). NRT1.5 is expressed in pericycle cells and is 
responsible for xylem loading in the roots while NRT1.8 unloads nitrate from xylem 
vessels in the shoot (Lin et al., 2008; Li et al., 2010). NRT1.5 reportedly plays an 
important role in response to many different stresses, including cadmium, salt and 
drought treatments (Li et al., 2010; Chen et al., 2012a). Increased tolerance to these 
conditions was observed when NRT1.5 expression was down-regulated, inhibiting 
nitrate transport to the shoots and encouraging reduction and assimilation in the roots 
(Hernández et al., 1997; Lin et al., 2008; Chen et al., 2012a; Zhang et al., 2014). It was 
suggested that the presence of excess nitrate in the roots invokes a stress response, 
dubbed SINAR for stress-initiated nitrate allocation to roots (Zhang et al., 2014). The 
SINAR response increases nitrate assimilation in the roots, effectively uncoupling 
nitrogen assimilation from photosynthesis (Smirnoff and Stewart, 1985; Andrews, 
1986; Hernández et al., 1997; Zhang et al., 2014). This was corroborated by studying 
nrt1.5 mutants, which had bigger root systems under stresses such as high salt and 
cadmium levels, but were similar to WT under standard conditions (Zhang et al., 2014). 
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It was also proposed that SINAR is mediated by ethylene and jasmonate signalling 
(Zhang et al., 2014). EIN3/EIL3 are at the intersection of ethylene and jasmonate 
downstream signalling pathways (Zhu et al., 2011). EIN3 and/or EIL1 activate the 
expression of NRT1.8 and supress the expression of NRT1.5 (Zhang et al., 2014). 
In the +CEP3 treatment, NRT1.5 expression was strongly up-regulated. However, EIN3 
(but not EIL1) expression was significantly up-regulated (log2FC = 0.44). According to 
Zhang et al. (2014), these two genes should repress the expression of NRT1.5. It 
therefore seems that CEP3 activates NRT1.5 through a pathway independent of 
ethylene and jasmonate signalling. The up-regulation of NRT1.5 indicated that nitrate 
was being exported from the roots to the shoots. Consequently, the induction of SINAR 
would be compromised and pathways that increase nitrogen assimilates in the root 
(without relying on shoot pathways) would not be activated. It could therefore be 
hypothesized that there would be less nitrogen available to the root to sustain 
meristematic growth (and resulting cell cycle progression).  
At the same time, it appeared assimilated nitrogen was also being exported from the 
roots to the shoots upon CEP3 peptide treatment. An increase in the expression of 
ASN1 in the roots seen in the +CEP3 treatment would be likely to increase the 
assimilation of ammonium into amino acids.  ASN1 is induced in response to low 
carbon availability and is used to synthesise asparagine, which has a high N:C ratio 
(Tsai and Coruzzi, 1990; Tsai and Coruzzi, 1991; Lam et al., 1994; Lam et al., 1998). Asn 
is one of the major forms for long-distance transport or storage of nitrogen (Fischer et 
al., 2002), therefore an increase in Asn biosynthesis could lead to an increase in mobile 
nitrogen. Upon CEP3 addition, ASN1 expression increased rapidly in the roots, 
indicating nitrogen may be transported to the shoots as a result of CEP3 induction. This 
was corroborated by an increase in expression of amino acid transporters AAP4 and 
At2G41190 in the +CEP3 treatment. AAP4 is a member of the amino acid permease 
family, known to transport basic amino acids (Fischer et al., 1995) and has a particular 
preference for neutral amino acids such as Asn (Fischer et al., 2002). As transport from 
roots to shoots requires only one type of amino acid transporter for xylem loading (c.f. 
in shoots, where amino acids must first be transported to the apoplast before being 
loaded into the phloem) (Fischer et al., 2002), it is conceivable that the increased Asn 
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synthesised by ASN1 is transported to the shoots more efficiently due to the increase 
in amino acid transporters. 
The redistribution of nitrogen to the shoots upon CEP3 application would explain the 
reduction of cell cycle activity seen in CEP3 treated roots within 12 h of treatment. 
These findings are corroborated in cep3, where the expression NRT1.5 was significantly 
down-regulated by 30% and ASN1 expression was reduced by over 80%. In addition to 
this, the long-term response of the mutant was sustained induction of nitrate 
transporter genes NRT2.1, NRT2.4 and NRT2.5, an increase in nitrate reductase genes 
NR1, NR2 and NiR1 and up-regulation of ammonia assimilation genes, suggesting 
increased nitrate uptake, reduction and assimilation in the roots. 
NRT2.1, unlike NRT1.5, imports nitrate from the external environment. It is a member 
of the high-affinity nitrate transport system that is active under nitrate limitation 
(Wang and Crawford, 1996; Lejay et al., 1999; Nazoa et al., 2003). It has been reported 
by several groups that and increase NRT2.1 expression in the roots is a short-term 
response to nitrate limitation, with its expression peaking within hours and steadily 
reducing thereafter (Lejay et al., 1999; Gansel et al., 2001; Okamoto et al., 2003). 
NRT2.4 and NRT2.5 are also high affinity nitrate transporters (Kiba et al., 2012; 
Lezhneva et al., 2014). However, the expression of these two genes is induced by 
longer-term nitrate starvation compared to NRT2.1 (Kiba et al., 2012; Lezhneva et al., 
2014). It appears that the cep3 mutant sustains induction of NRT2.1 for much longer 
than the WT indicating it may be able to take up more nitrate from the environment. 
Additionally, levels of NRT2.4 and NRT2.5 transcription were elevated, indicating that 
the cep3 mutant does sense chronic nitrate starvation. Overall, the up-regulation of 
these three nitrate transporter genes suggests that cep3 invokes a developmental 
program that strives to prolong nitrate uptake from the external environment.  
In addition to increased nitrate uptake in cep3, an increase in the expression of nitrate 
assimilation genes was apparent. Nitrate and nitrite reduction genes were up-
regulated, presumably leading to an increase in ammonia. Nitrate reductase was found 
to be an essential component of the SINAR response. In nr1,nr2 double mutants, SINAR 
did not elicit a stress tolerance or plant growth phenotype (Zhang et al., 2014). The 
induction of NR1 and NR2 are consistent with the activation of SINAR and resulting 
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stress tolerance/enhanced growth phenotype seen in the cep3 mutant (Chapter 4 
Section 3). The induction of glutamine, glutamate an asparagine synthase genes 
indicate that downstream assimilation pathways were also increased, potentially 
leading to an increase in N available to the root. It should be noted, however, that 
some N assimilation genes, such as GOGAT1 and ASN1, were significantly down-
regulated in cep3, indicating that this response is selective, not just a blanket increase 
in the N assimilation pathway. 
In summary, the results presented in this chapter indicate that CEP3 regulates nitrogen 
allocation, resulting in changes in root growth. When CEP3 is in excess, changes in the 
transcriptome suggested that nitrogen is redistributed to the shoot at the expense of 
root growth. In the absence of CEP3, transcriptomic analysis suggested that nitrate 
uptake is sustained and nitrate transport to the shoot is reduced, resulting in increased 
levels of root nitrate. This means that overall, cep3 has more nitrogen available to the 
roots and as a result, the roots can continue to grow (and cell cycle progression 
continues to be active), even under chronic stress conditions. Further experimentation, 
including qRT-PCR studies to confirm the expression patterns and explore spatio-
temporal expression, as well as nitrate uptake, distribution and assimilation studies, 
will help to corroborate these findings. 
 
The discovery of the role of CEP3 this pathway has profound implications for our 
understanding of plant development and nutrient use. If these findings translate to 
crop species, perturbing CEP3 could present an exciting avenue for controlling nutrient 
distribution and use efficiency.   
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5.7 Appendices 
5.7.1 Appendix 1 
Appendix1: GO terms significantly overrepresented in up- or down-regulated gene sets of +CEP3 treated 
RNAseq samples. All terms had a false discovery rate of 0. All results were highly significant (p<0.01; 
Bonferroni correction used). Redundant GO terms were combined/ deleted. 
 
Gene set GO Category GO Term 
% gene 
set Gene identifiers 
DOWNREGULATED biological process 
cell wall 
organization or 
biogenesis 
12 
AT2G28950, AT3G23730, 
AT4G08400, AT5G57530, 
AT4G28850, AT5G06630, 
AT4G11050, AT4G20050, 
AT4G22110, AT2G43880, 
AT3G15370, AT5G06640, 
AT5G03170, AT4G15290, 
AT4G01630, AT5G60490, 
AT1G10550, AT2G28790, 
AT1G05650, AT5G03760, 
AT5G56320, AT2G03090, 
AT2G24980, AT2G43620, 
AT4G08410, AT4G22460, 
AT1G19940, AT5G35190, 
AT1G79250, AT1G57590, 
AT5G01190, AT5G48740, 
AT5G62380, AT1G64390, 
AT1G56680 
DOWNREGULATED biological process 
anthocyanin-
containing 
compound 
metabolic 
process 
4 
AT3G51240, AT5G13930, 
AT3G55120, AT5G48880, 
AT5G08640, AT5G06510, 
AT1G65060, AT3G22840, 
AT5G05270, AT5G62210, 
AT5G07990 
DOWNREGULATED cellular component 
extracellular 
region 21 
AT5G46890, AT4G24780, 
AT3G03780, AT2G28950, 
AT4G11210, AT3G23730, 
AT5G57530, AT1G11920, 
AT4G28850, AT4G29740, 
AT1G58170, AT4G25790, 
AT2G41810, AT1G73620, 
AT4G11050, AT4G20050, 
AT1G60390, AT4G12550, 
AT3G15370, AT2G43880, 
AT5G10130, AT4G01630, 
AT1G10550, AT2G28790, 
AT4G11190, AT5G23980, 
AT4G37400, AT1G05650, 
AT5G05390, AT5G56320, 
AT3G10080, AT4G36430, 
AT5G07030, AT4G12510, 
AT4G11290, AT2G03090, 
AT1G07680, AT4G30320, 
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Gene set GO Category GO Term 
% gene 
set Gene identifiers 
AT1G64195, AT2G43620, 
AT1G73780, AT5G46900, 
AT1G19940, AT4G12520, 
AT1G18250, AT4G37160, 
AT2G29130, AT5G17340, 
AT4G12545, AT2G03370, 
AT1G12100, AT1G57590, 
AT2G33790, AT5G07190, 
AT5G01190, AT2G25160, 
AT2G31345, AT2G39040, 
AT4G22212, AT1G64390, 
AT1G56680, AT5G07990 
DOWNREGULATED cellular component 
anchored 
component of 
membrane 
4 
AT3G01730, AT5G22430, 
AT5G03170, AT5G60490, 
AT3G60900, AT1G05450, 
AT5G07190, AT5G62210, 
AT2G20520, AT4G37450, 
AT5G25090, AT2G44300, 
AT4G31840 
DOWNREGULATED molecular function 
hydrolase 
activity, acting 
on glycosyl 
bonds 
5 
AT2G43880, AT3G23730, 
AT5G57530, AT4G28850, 
AT2G16230, AT1G10550, 
AT2G43620, AT4G11050, 
AT1G05650, AT1G13635, 
AT1G64390, AT4G20050, 
AT1G19940, AT1G56680, 
AT1G60390 
DOWNREGULATED molecular function 
structural 
constituent of 
cell wall 
2 
AT5G06630, AT4G08410, 
AT5G06640, AT4G08400, 
AT2G24980, AT5G35190 
UPREGULATED biological process 
response to 
sucrose/ 
disaccharide 
6 
AT3G21890, AT1G08630, 
AT4G35770, AT3G47340, 
AT3G06850, AT1G10070, 
AT1G21400 
UPREGULATED biological process 
response to 
fructose 5 
AT1G08630, AT1G29920, 
AT4G35770, AT3G47340, 
AT3G06850, AT1G10070 
UPREGULATED biological process 
response to 
absence of light 4 
AT5G18170, AT3G47340, 
AT3G06850, AT1G21400 
UPREGULATED biological process 
cell wall 
disassembly 3 
AT3G08860, AT1G52690, 
AT4G01430 
UPREGULATED molecular function 
anion 
transmembrane 
transporter 
activity 
6 
AT5G24030, AT2G41190, 
AT5G63850, AT1G32450, 
AT1G73220, AT1G62280, 
AT1G20860 
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5.7.2 Appendix 2 
Appendix 2: GO terms significantly overrepresented in the down-regulated gene set of cep3 RNAseq 
samples. All terms had a false discovery rate of 0. All results are highly significant (p<0.01; Bonferroni 
correction used).  
 
GO category GO term % gene set 
component cytoplasm 60 
component cytoplasmic part 53 
component chloroplast 37 
component plastid 37 
component membrane 37 
component organelle part 31 
component intracellular organelle part 31 
component chloroplast part 28 
component plastid part 28 
component thylakoid 24 
component membrane part 23 
component organelle subcompartment 22 
component extracellular region 22 
component thylakoid part 21 
component chloroplast thylakoid 21 
component plastid thylakoid 21 
component photosynthetic membrane 21 
component thylakoid membrane 20 
component plastid thylakoid membrane 20 
component chloroplast thylakoid membrane 19 
component intrinsic component of membrane 18 
component integral component of membrane 17 
component macromolecular complex 15 
component plastid stroma 15 
component chloroplast stroma 14 
component protein complex 14 
component envelope 13 
component membrane protein complex 12 
component plastid envelope 12 
component organelle envelope 12 
component chloroplast envelope 12 
component apoplast 11 
component photosystem 11 
component photosystem II 7 
component photosystem I 7 
component plastoglobule 5 
component thylakoid lumen 4 
component chloroplast thylakoid lumen 4 
component plastid thylakoid lumen 4 
component light-harvesting complex 4 
component chloroplast membrane 3 
component chloroplast thylakoid membrane protein complex 2 
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GO category GO term % gene set 
component photosystem I reaction center 2 
component stromule 2 
component NAD(P)H dehydrogenase complex (plastoquinone) 1 
component photosystem II oxygen evolving complex 1 
component chloroplast photosystem II 1 
function metal ion binding 19 
function cation binding 19 
function oxidoreductase activity 13 
function tetrapyrrole binding 6 
function chlorophyll binding 5 
function poly-pyrimidine tract binding 1 
function poly(U) RNA binding 1 
function glyceraldehyde-3-phosphate dehydrogenase 
(NADP+) (phosphorylating) activity 
1 
process metabolic process 65 
process cellular process 64 
process single-organism process 59 
process cellular metabolic process 56 
process organic substance metabolic process 56 
process primary metabolic process 51 
process single-organism cellular process 50 
process single-organism metabolic process 44 
process response to stimulus 43 
process biological regulation 41 
process biosynthetic process 40 
process organic substance biosynthetic process 39 
process cellular biosynthetic process 38 
process organic cyclic compound metabolic process 38 
process cellular aromatic compound metabolic process 38 
process nitrogen compound metabolic process 38 
process regulation of biological process 35 
process cellular nitrogen compound metabolic process 34 
process heterocycle metabolic process 34 
process response to chemical 31 
process nucleobase-containing compound metabolic 
process 
31 
process small molecule metabolic process 30 
process single-organism biosynthetic process 30 
process cellular component organization or biogenesis 28 
process nucleic acid metabolic process 27 
process RNA metabolic process 27 
process regulation of metabolic process 27 
process response to organic substance 27 
process cellular component organization 26 
process response to stress 26 
process photosynthesis 25 
process oxoacid metabolic process 25 
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GO category GO term % gene set 
process organic acid metabolic process 25 
process organonitrogen compound metabolic process 24 
process generation of precursor metabolites and energy 24 
process organic cyclic compound biosynthetic process 24 
process aromatic compound biosynthetic process 24 
process carboxylic acid metabolic process 24 
process response to oxygen-containing compound 23 
process photosynthesis, light reaction 23 
process localization 22 
process phosphate-containing compound metabolic 
process 
22 
process phosphorus metabolic process 22 
process response to abiotic stimulus 22 
process establishment of localization 22 
process regulation of cellular metabolic process 22 
process transport 21 
process small molecule biosynthetic process 21 
process macromolecule modification 20 
process regulation of primary metabolic process 20 
process organic acid biosynthetic process 20 
process carboxylic acid biosynthetic process 20 
process cellular component biogenesis 19 
process single-organism transport 19 
process single-organism localization 19 
process cellular protein modification process 18 
process protein modification process 18 
process response to endogenous stimulus 18 
process response to external stimulus 18 
process organonitrogen compound biosynthetic process 17 
process response to hormone 17 
process cellular component assembly 17 
process oxidation-reduction process 17 
process organelle organization 16 
process sulfur compound metabolic process 16 
process defense response 16 
process protein complex biogenesis 16 
process multi-organism process 16 
process response to acid chemical 16 
process response to biotic stimulus 16 
process plastid organization 16 
process sulfur compound biosynthetic process 16 
process cellular protein complex assembly 16 
process cellular macromolecular complex assembly 16 
process protein complex assembly 16 
process macromolecular complex assembly 16 
process protein complex subunit organization 16 
process macromolecular complex subunit organization 16 
process carbohydrate derivative metabolic process 16 
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GO category GO term % gene set 
process response to external biotic stimulus 16 
process response to other organism 16 
process photosystem II assembly 15 
process cellular amino acid metabolic process 15 
process alpha-amino acid metabolic process 15 
process cofactor metabolic process 15 
process shoot system development 15 
process rRNA processing 14 
process rRNA metabolic process 14 
process ncRNA processing 14 
process ribosome biogenesis 14 
process ribonucleoprotein complex biogenesis 14 
process ncRNA metabolic process 14 
process RNA processing 14 
process organophosphate metabolic process 14 
process monocarboxylic acid metabolic process 14 
process cellular amino acid biosynthetic process 14 
process defense response to other organism 14 
process alpha-amino acid biosynthetic process 13 
process cellular aldehyde metabolic process 13 
process serine family amino acid metabolic process 13 
process sulfur amino acid metabolic process 13 
process coenzyme metabolic process 13 
process ion transport 13 
process glyceraldehyde-3-phosphate metabolic process 13 
process nucleotide metabolic process 13 
process nucleoside phosphate metabolic process 13 
process nucleobase-containing small molecule metabolic 
process 
13 
process response to light stimulus 13 
process positive regulation of biological process 13 
process response to radiation 13 
process cysteine biosynthetic process 12 
process cysteine metabolic process 12 
process serine family amino acid biosynthetic process 12 
process sulfur amino acid biosynthetic process 12 
process oxidoreduction coenzyme metabolic process 12 
process pyridine-containing compound metabolic process 11 
process monocarboxylic acid biosynthetic process 11 
process ribose phosphate metabolic process 11 
process cation transport 11 
process nicotinamide nucleotide metabolic process 11 
process pyridine nucleotide metabolic process 11 
process secondary metabolic process 11 
process shoot system morphogenesis 11 
process NADP metabolic process 10 
process pentose-phosphate shunt 10 
process glucose 6-phosphate metabolic process 10 
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GO category GO term % gene set 
process positive regulation of metabolic process 10 
process response to organic cyclic compound 10 
process innate immune response 10 
process immune response 10 
process immune system process 10 
process response to temperature stimulus 10 
process defense response, incompatible interaction 10 
process regulation of response to stimulus 10 
process response to red or far red light 9 
process single-organism membrane organization 9 
process response to cold 9 
process response to bacterium 9 
process membrane organization 9 
process carbohydrate biosynthetic process 9 
process phyllome development 9 
process response to red light 9 
process regulation of cellular protein metabolic process 9 
process regulation of protein metabolic process 9 
process cellular response to oxygen-containing compound 9 
process lipid biosynthetic process 9 
process response to far red light 9 
process response to blue light 9 
process protein dephosphorylation 9 
process dephosphorylation 9 
process regulation of protein modification process 8 
process regulation of phosphate metabolic process 8 
process regulation of phosphorus metabolic process 8 
process isoprenoid biosynthetic process 8 
process isoprenoid metabolic process 8 
process regulation of response to stress 8 
process cellular response to acid chemical 8 
process polysaccharide metabolic process 8 
process regulation of protein dephosphorylation 8 
process regulation of dephosphorylation 8 
process response to salicylic acid 8 
process regulation of defense response 8 
process response to fungus 8 
process systemic acquired resistance 8 
process leaf development 8 
process cellular carbohydrate metabolic process 8 
process homeostatic process 7 
process defense response to bacterium 7 
process cellular glucan metabolic process 7 
process glucan metabolic process 7 
process cell death 7 
process death 7 
process cellular polysaccharide metabolic process 7 
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GO category GO term % gene set 
process polysaccharide biosynthetic process 7 
process ion homeostasis 7 
process pigment biosynthetic process 7 
process cellular homeostasis 7 
process regulation of catalytic activity 7 
process chemical homeostasis 7 
process regulation of molecular function 7 
process pigment metabolic process 7 
process response to carbohydrate 7 
process pyruvate metabolic process 7 
process response to jasmonic acid 7 
process programmed cell death 7 
process glycosyl compound metabolic process 7 
process defense response to fungus 7 
process electron transport chain 7 
process response to sucrose 7 
process response to disaccharide 7 
process cation homeostasis 7 
process cofactor biosynthetic process 7 
process regulation of innate immune response 7 
process regulation of cell death 7 
process regulation of immune response 7 
process regulation of immune system process 7 
process organic hydroxy compound biosynthetic process 7 
process photosynthetic electron transport chain 6 
process positive regulation of catalytic activity 6 
process positive regulation of molecular function 6 
process cellular ion homeostasis 6 
process starch biosynthetic process 6 
process cellular chemical homeostasis 6 
process starch metabolic process 6 
process organ morphogenesis 6 
process glucan biosynthetic process 6 
process regulation of plant-type hypersensitive response 6 
process regulation of cellular response to stress 6 
process plant-type hypersensitive response 6 
process host programmed cell death induced by symbiont 6 
process regulation of programmed cell death 6 
process cellular polysaccharide biosynthetic process 6 
process cellular carbohydrate biosynthetic process 6 
process cellular cation homeostasis 6 
process phenol-containing compound biosynthetic process 6 
process porphyrin-containing compound metabolic process 6 
process tetrapyrrole metabolic process 6 
process phenol-containing compound metabolic process 6 
process salicylic acid mediated signaling pathway 6 
process cellular response to salicylic acid stimulus 6 
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GO category GO term % gene set 
process protein targeting to membrane 6 
process protein localization to membrane 6 
process establishment of protein localization to membrane 6 
process phospholipid biosynthetic process 6 
process reactive oxygen species metabolic process 6 
process phospholipid metabolic process 6 
process cellular response to organic cyclic compound 6 
process chlorophyll metabolic process 6 
process isopentenyl diphosphate biosynthetic process, 
methylerythritol 4-phosphate pathway 
6 
process leaf morphogenesis 6 
process isopentenyl diphosphate biosynthetic process 6 
process isopentenyl diphosphate metabolic process 6 
process benzene-containing compound metabolic process 6 
process positive regulation of macromolecule biosynthetic 
process 
6 
process positive regulation of gene expression 6 
process secondary metabolite biosynthetic process 6 
process positive regulation of cellular biosynthetic process 6 
process positive regulation of transcription, DNA-templated 6 
process positive regulation of nucleobase-containing 
compound metabolic process 
6 
process negative regulation of response to stimulus 6 
process positive regulation of nitrogen compound 
metabolic process 
6 
process positive regulation of RNA metabolic process 6 
process positive regulation of RNA biosynthetic process 6 
process positive regulation of nucleic acid-templated 
transcription 
6 
process chlorophyll biosynthetic process 5 
process porphyrin-containing compound biosynthetic 
process 
5 
process tetrapyrrole biosynthetic process 5 
process S-glycoside metabolic process 5 
process glycosinolate metabolic process 5 
process glucosinolate metabolic process 5 
process salicylic acid biosynthetic process 5 
process salicylic acid metabolic process 5 
process response to light intensity 5 
process monovalent inorganic cation transport 5 
process hydrogen peroxide metabolic process 5 
process maltose metabolic process 5 
process hydrogen transport 5 
process proton transport 5 
process disaccharide metabolic process 5 
process regulation of transport 5 
process stomatal complex development 5 
process divalent metal ion transport 5 
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GO category GO term % gene set 
process divalent inorganic cation transport 5 
process oligosaccharide metabolic process 5 
process regulation of localization 5 
process photosynthesis, light harvesting 5 
process photosynthetic electron transport in photosystem I 5 
process regulation of proton transport 5 
process stomatal complex morphogenesis 5 
process regulation of ion transport 5 
process fatty acid biosynthetic process 5 
process systemic acquired resistance, salicylic acid 
mediated signaling pathway 
5 
process glycosyl compound biosynthetic process 5 
process negative regulation of defense response 5 
process jasmonic acid mediated signaling pathway 5 
process cellular response to jasmonic acid stimulus 5 
process plant epidermis morphogenesis 5 
process S-glycoside biosynthetic process 4 
process glycosinolate biosynthetic process 4 
process glucosinolate biosynthetic process 4 
process regulation of reactive oxygen species metabolic 
process 
4 
process response to high light intensity 4 
process chloroplast organization 4 
process MAPK cascade 4 
process signal transduction by protein phosphorylation 4 
process terpenoid biosynthetic process 4 
process terpenoid metabolic process 4 
process protein-chromophore linkage 4 
process unsaturated fatty acid biosynthetic process 4 
process unsaturated fatty acid metabolic process 4 
process regulation of hydrogen peroxide metabolic process 4 
process response to cytokinin 4 
process detection of stimulus 4 
process chloroplast relocation 4 
process establishment of plastid localization 4 
process chloroplast localization 4 
process plastid localization 4 
process establishment of organelle localization 4 
process tetraterpenoid biosynthetic process 4 
process carotenoid biosynthetic process 4 
process tetraterpenoid metabolic process 4 
process carotenoid metabolic process 4 
process organelle localization 4 
process plastid membrane organization 4 
process thylakoid membrane organization 4 
process detection of biotic stimulus 3 
process cellular amino acid catabolic process 3 
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GO category GO term % gene set 
process response to hexose 3 
process photorespiration 3 
process response to monosaccharide 3 
process jasmonic acid metabolic process 3 
process reductive pentose-phosphate cycle 3 
process photosynthesis, dark reaction 3 
process carbon fixation 3 
process vitamin metabolic process 3 
process glycine catabolic process 2 
process serine family amino acid catabolic process 2 
process glycine metabolic process 2 
process lipoate metabolic process 2 
process cell wall modification involved in abscission 2 
process cell wall disassembly 2 
process PSII associated light-harvesting complex II catabolic 
process 
1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
|141| 
 
5.7.3 Appendix 3 
Appendix 3: GO terms significantly overrepresented in the up-regulated gene set of cep3 RNAseq 
samples. All terms had a false discovery rate of 0. All results are highly significant (p<0.01; Bonferroni 
correction used). Redundant GO terms were combined/deleted. 
 
Gene set GO category GO term 
% gene 
set Gene identifiers 
UPREGULATED biological process 
root system 
development 10 
AT4G12550, AT5G47980, 
AT5G47990, AT1G34510, 
AT5G06640, AT3G62680, 
AT1G08090, AT3G48940, 
AT5G48010, AT2G20520, 
AT4G25790, AT5G48000, 
AT5G35190, AT1G54970 
UPREGULATED biological process 
secondary metabolite 
biosynthetic process 8 
AT1G16400, AT5G14200, 
AT4G11190, AT1G66800, 
AT4G36220, AT3G03190, 
AT4G13770, AT2G43100, 
AT3G19710, AT5G23010, 
AT3G58990 
UPREGULATED biological process 
cellular response to 
nitrate 2 
AT1G12940, AT1G08090, 
AT5G60770 
UPREGULATED cellular component extracellular region 21 
AT1G34510, AT2G24010, 
AT3G62680, AT1G11920, 
AT3G46260, AT1G07680, 
AT4G28850, AT4G39000, 
AT2G28850, AT1G05310, 
AT4G25790, AT5G23903, 
AT2G10535, AT1G19900, 
AT2G29130, AT4G12550, 
AT3G15370, AT5G37990, 
AT2G28860, AT4G12545, 
AT1G63600, AT5G07190, 
AT2G39040, AT2G23630, 
AT4G11190, AT1G65310, 
AT5G23980, AT5G66815, 
AT4G01890, AT1G54970 
UPREGULATED molecular function tetrapyrrole binding 6 
AT1G16400, AT2G28860, 
AT1G34510, AT1G34540, 
AT2G28850, AT2G39040, 
AT4G13770, AT5G48000 
UPREGULATED molecular function 
monooxygenase 
activity 5 
AT1G16400, AT2G28850, 
AT4G36220, AT2G28860, 
AT4G13770, AT1G34540, 
AT5G48000 
UPREGULATED molecular function 
structural constituent 
of cell wall 5 
AT5G06630, AT4G08410, 
AT4G08400, AT5G06640, 
AT2G24980, AT5G35190, 
AT4G13390 
UPREGULATED molecular function 
nitrate 
transmembrane 
transporter activity 
2 AT1G12940, AT1G08090, AT5G60770 
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Chapter 6: Control of root 
development by CEP peptides 
6.1 Introduction 
Plants regulate and coordinate many systems to sustain growth, without the luxury of 
having a single control centre that interprets and responds to stimuli. Instead of a 
brain to interpret signals and a central nervous system to distribute them, plant 
growth is more analogous to running a country: There is the government with 
overarching set of policies (for plants - grow, survive, reproduce) that are maintained 
and interpreted by politicians (hormones, regulatory peptides and other signalling 
molecules), who have their own agendas and connections within the government 
(different roles, spatiotemporal regulation and interactions with other systems). At the 
heart of any political decision making is a consideration of the economy; the supply 
and demand of commodities that are the foundation of society (nitrogen, carbon and 
other nutrients). To successfully run a country, politicians and economists must 
exchange information. In plants, this occurs through crosstalk between signalling 
molecules and nutrient uptake, assimilation and distribution pathways. However, the 
mechanisms behind these interactions are still poorly understood. By studying the 
specific roles of signalling molecules in development and then putting them in the 
context of nutrient pathways, we can begin to unravel this complex web of regulation.  
Regulatory peptides are key regulators of developmental processes and prime 
candidates for mediators of information exchange (Delay et al., 2013a). Indeed, at the 
outset of this project, the CEP family in Arabidopsis were known only as regulators of 
root development (Ohyama et al., 2008). Details about how different members of this 
family are regulated or regulate growth, the mechanisms and output of regulation and 
the links to nutrient pathways were all unknown. Addressing these unknowns to gain a 
better understanding of root development was the aim of this thesis. Throughout this 
thesis, the CEP family was characterised and CEP3 was studied in great detail to shed 
light on how CEPs are involved in root development. The regulation (Chapter 3), 
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phenotypic outputs (Chapters 3 and 4), molecular pathways (Chapters 4 and 5) and 
interactions with nutrient pathways (Chapter 5) of CEPs were studied, enabling a 
model for the role of CEP3 activity to be proposed in this chapter.   
6.2 Regulating CEPs: Factors governing CEP expression and activity 
As observed with most regulatory peptide families, there are several layers of 
regulation controlling CEP activity. At the highest level, regulation of gene expression is 
observed. It was shown here that the expression of different CEPs is affected by a 
myriad of factors. In silico analyses revealed abiotic and biotic treatments could induce 
different CEP genes (Chapter 3 Section 4). Experimental evidence corroborated this, 
finding that the expression of most CEP genes tested was raised from low basal levels 
in response to various environmental conditions.  Additionally, these changes in 
expression showed tissue specificity, with CEPs responding differently in roots and 
shoots. Indeed, work by Roberts et al. (2013), published concurrently with Delay et al. 
(2013b) analysed expression patterns of several CEPs using promoter:GUS fusions and 
recently this was extended by Tabata et al. (2014). Although different environmental 
conditions were not examined, the differences in spatial regulation of CEPs were 
clearly demonstrated. The spatio-temporal regulation of CEPs is not at all surprising. 
Numerous studies have reported the unique expression patterns of individual 
members within peptide families (Jun et al., 2010; Fernandez et al., 2013).  Indeed, 
different members often appear to affect similar processes when normal spatio-
temporal expression is de-regulated (by over-expressed or synthetic peptide addition; 
Jun et al., 2010; Meng et al., 2012; Whitford et al., 2012; Fernandez et al., 2013). This 
highlights the importance of gene expression regulation. A further layer of regulation is 
then imposed based on post-translational modification. 
Post-translation modification is a common feature of regulatory peptides 
(Matsubayashi, 2011). Tyrosine sulfation, proline hydroxylation and further 
modification to add arabinose sugars to hydroxylated proline residues have all been 
described in the literature (Kondo et al., 2006; Ohyama et al., 2008; Ohyama et al., 
2009; Matsuzaki et al., 2010; Mohd-Radzman et al., 2015). CEPs were reported to be 
hydroxylated in vivo, with mass spectroscopy analysis indicating that either one or two 
proline residues were hydroxylated in CEP1 (Ohyama et al., 2008). Subsequent 
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analyses revealed that CEPs 3, 5, 6 and 9 had proline residues that were also subject to 
hydroxylation (Tabata et al., 2014). In this thesis, the importance of post-translation 
modification of CEP9 was demonstrated (Chapter 3 Section 6). Hydroxylation was 
important for both the severity of the root response to the peptide and for the 
potency of the peptide. Indeed, it was recently shown that post-translation 
modification plays a significant role in CEP regulation in the legume Medicago 
truncatula (Mohd-Radzman et al., 2015). MtCEP1a was found to have 8 isoforms in 
vivo, with the most common variants having two or three hydroxylated proline 
residues.  
In summary, it has been shown in this thesis that CEP expression is tightly controlled. 
Different CEP genes are induced by different environmental conditions in a tissue-
specific manner. The domain sequence and presence of post-translational 
modifications both play an important role in affecting CEP activity (Chapter 3 Section 
6), adding a further level of regulation. Additionally, the expression of and interaction 
with different receptors would contribute further to the control of CEP activity in 
planta, which is yet to be explored in detail.  
6.3 Phenotypic outputs and molecular pathways of CEPs 
CEP over-expression, synthetic peptide application and knockout were used to 
elucidate the developmental pathways affected by CEPs. Over-expressing numerous 
CEPs demonstrated their role as negative regulators of root development (Chapter 3 
Section 5). The effect over over-presenting CEPs generally differed in the severity of 
the response. For example, CEP3 over-expression resulted in a reduction in primary 
root length of about 50%, whereas CEP9 over-expression elicited a reduction of only 
about 20%. Similar effects were seen with lateral root number. These differences in 
severity were due to the sequence of the CEP domain, as indicated by structure-
function studies (Chapter 3 Section 6).  
The specific role of CEP3 in primary root development was then identified using 
reporter constructs (Chapter 4 Section 5). It was clear from these analyses that CEP3 
affected cell cycle progression in the primary root. This hypothesis was further refined 
using flow cytometry and confirmed with EdU assays. It was shown that CEP3 impeded 
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the G1/S phase transition and that this occurred within 6-12 hours of synthetic peptide 
application. It was also shown that this phenotype was affected by the availability of 
carbon or nitrogen. 
 A role for CEPs in shoot development was also revealed. Shoots over-expressing CEPs 
tended to show epinasty, yellowing and early flowering. Elucidating specific processes 
or mechanisms leading to these shoot phenotypes was beyond the scope of this thesis, 
however it would be interesting to examine how these shoot phenotypes relate to the 
root phenotypes and if similar pathways are involved. 
6.4 Interaction with nutrient pathways 
Transcriptomic analysis was used to understand how CEP3 was able to elicit 
phenotypic changes. The results indicated that CEP3 affects the stress induced nitrate 
allocation to roots (SINAR) response (Fig. 1).  SINAR has been reported under several 
stress conditions, including cadmium toxicity, salinity and drought (Lin et al., 2008; Li et 
al., 2010; Zhang et al., 2014). Inducing SINAR under these conditions leads to an 
increase in root nitrogen content and root growth (Zhang et al., 2014). The major 
components of SINAR are NRT1.5 and NRT1.8, two nitrate transporters required for 
xylem loading and unloading and nitrate reductases NR1 and NR2 (Zhang et al., 2014). 
Repressing NRT1.5 expression invokes SINAR as nitrate transport to the shoots is 
reduced, in a NR-dependant manner (Lin et al., 2008; Zhang et al., 2014).  
Changes in gene expression caused by CEP3 peptide addition or CEP3 knockout 
indicated a role for CEP3 in SINAR (Fig. 1; Chapter 5 Section 4). Increased expression of 
NRT1.5, ASN1 and amino acid transporters in CEP3 treated roots provided evidence for 
CEP3-induced nitrate allocation to the shoots. Conversely, in the cep3 mutant, NRT1.5 
expression was repressed and the expression of genes in the entire nitrate uptake and 
assimilation pathway was increased in the roots. Interpreting these data together with 
insights from the literature, it is probable that the nitrate and nitrogen assimilate 
content of roots with excess CEP3 peptide is severely reduced, while the cep3 mutant 
roots would have much higher levels. These changes in gene expression and inferred 
changes in nutrient allocation explain all of the phenotypes observed upon CEP3 mis-
expression (Fig. 1, 2).  
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Figure 1. A proposed model for the regulation of nutrient allocation and root growth by CEP3 in 
response to nitrate limitation. (A) Nitrate starvation induces CEP3 expression, leading to induction of 
NRT1.5, ASN1, genes involved in cell wall disassembly and amino acid transporter genes (AAPs). These 
transcriptional changes could lead to decreased nitrogen content in the roots, in turn slowing cell cycle 
progression and consequently root growth. Concurrently, N concentration in the shoot is increased, 
leading to a (temporary?) increase in shoot growth. (B) When cep3 is knocked out (and nitrogen is 
limiting), the expression of high affinity nitrate transporter genes is increased, increasing the 
concentration of nitrate in the root. The transport of root-derived nitrate to the shoot is reduced (seen 
by a decrease in NRT1.5 expression). As there are sufficient N resources in the roots, cell cycle 
progression persists leading to sustained root growth. There does not appear to be a penalty to the 
shoot. Genes in red indicate up-regulation, blue indicates down-regulation. 
 
The induction of SINAR is reportedly controlled by an ethylene/jasmonate signalling 
module involving EIN3 and EIL1 (Zhang et al., 2014). Ethylene and jasmonate signalling 
are increased under stress conditions, leading to an increase in expression of EIN3 and 
EIL1 (Fujita et al., 2006; Zhang et al., 2014). EIN3 binds to an EIN3 binding site motif 
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within the NRT1.5 promoter, supressing its expression (Zhang et al., 2014). The 
expression of EIN3 (a significant up-regulation of log2FC = 0.44 in the +CEP3 treatment) 
and EIL1 (not significantly perturbed) in the RNAseq dataset (Chapter 5 Section 4) 
supports an independent role for CEP3 as a repressor of SINAR.  
Interestingly the SINAR response is not apparent under nitrogen stress and publicly 
available data suggests that NRT1.5 expression is not changed under nitrate starvation 
(Chapter 5; Krapp et al., 2011). As CEP3 is induced under nitrogen stress and that 
increased CEP3 appears to decrease root nitrogen levels, it could be hypothesised that 
CEP3 represses SINAR under nitrogen stress. The biological significance of this 
response remains to be seen. It can be speculated that as nitrate itself is an important 
signal that regulates the expression of many genes involved in its own uptake and 
assimilation pathways (Krapp et al., 2014), it may not be beneficial for plants under 
moderate nitrogen stress to increase the amount of nitrate in the roots. For example, 
both local and systemic nitrate response pathways exist in plants to ensure growth is 
maximised. Under heterogeneous nitrogen conditions, growth is promoted in N-rich 
areas and is repressed in N-poor areas (Gansel et al., 2001). One of the major 
regulators of this response is the high-affinity nitrate transporter NRT2.1 (Gansel et al., 
2001; Ruffel et al., 2011). This gene reportedly responds to and regulates the internal 
N status of plants (Gansel et al., 2001). It is induced in N-rich areas (Ruffel et al., 2011), 
in a pathway recently shown to be dependent on the presence of CEPR1/2 in shoots 
(Tabata et al., 2014). It was shown that CEP3 was induced on the N-poor side of the 
root and repressed on the N-rich portion (Tabata et al., 2014). It is tempting to 
speculate that under these circumstances, CEP3-induced gene expression changes lead 
to decreased nitrate and nitrogen content in roots exposed to N stress, leading to a 
change in nitrogen allocation, potentially via the shoot to other parts of the root 
system. Additionally, due to the decrease in N content, root growth on that part of the 
root would be slowed dramatically, a phenomenon widely described under 
heterogenous N conditions. A decrease in CEP3 expression on the high-N side would 
then lead to increased expression of high affinity NRTs, as well as nitrogen assimilation, 
which allows root growth to proceed. At this point, this is all speculation and further 
work is required to establish the role of CEP3 in local vs. systemic signalling and the 
nature of its interactions with CEPR1/2. 
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6.5 A model for CEP3 activity 
The results presented in this thesis can be combined to propose a model for the role of 
CEP3 in mediating root growth in response to environmental stress. CEP3 is induced by 
N starvation (Chapter 3 Section 4). Increased CEP3 levels, as shown by RNAseq, lead to 
an increase in the expression of genes that export nitrate and nitrogen assimilate to 
the shoots (Chapter 5 Section 4). As a result of a presumed decreased nitrogen content 
in the root, the cell cycle in the RAM is unable to be sustained due to a lack of nutrient 
supply (Chapter 5 Section 3). Consequently, root meristem size is decreased and root 
growth slows (Chapter 4 Section 5). At the same time, an increase in shoot size was 
observed in response to excess CEP (Chapter 3 Section 5), providing evidence for an 
increase in shoot nitrogen content. A temporary increase in shoot growth in response 
to CEP over-presentation has also been described in other species, such as Medicago 
truncatula and Brachypodium distachyon (Djordjevic lab, personal communication). 
This growth advantage is only temporary, possibly due to the decrease in root area 
resulting in a net decrease in nitrogen uptake ability. 
The increased stress tolerance and growth advantage conferred by knocking out CEP3 
fits with this model for CEP3 activity. In this case, SINAR can be induced without 
restriction under a wide range of stresses, explaining the phenotype of the cep3 
mutant under many stress conditions (Chapter 4 Section 3). It may be argued that 
increased nitrogen allocation to the roots would elicit a shoot penalty, which was not 
observed in the cep3 mutant (Chapter 4 Section 3). However, the overall increase in 
root area and subsequent increase in nutrient uptake ability may lead to no net loss of 
nitrogen supplied to the shoots over the long term. 
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Figure 2. A model for CEP3 activity. CEP3 is induced in the roots by low N. CEP3 is perceived by one or 
more receptors, presumably triggering a signalling cascade that ends in activation or repression of 
specific N allocation genes. Due to the changes in expression of these genes, there is a decrease in 
nitrate (and nitrogen assimilate) in the roots, resulting in decreased supply of resources to the RAM 
where cell cycle progression is consequently affected. The alteration in cell cycle results in drastically 
slowed root growth. On the other hand, there is a temporary (?) increase in nitrogen content in the 
shoot that leads to a temporary increase in shoot growth. 
 
While this model is plausible based on the results presented in this thesis, more 
evidence is required to unequivocally prove the role of CEP3 in this pathway. 
Additionally, more research into the applicability of CEP technology could present 
exciting opportunities to enhance cropping systems. 
6.6 Future directions  
6.6.1 Furthering our understanding of CEP activity 
The model presented here is based largely on transcriptomic and phenotypic data from 
roots. It will be important to also examine transcriptomic changes in shoots to define a 
more precise model for how increased N in the shoots affects overall growth 
pathways. Additionally, in order to confirm this model, metabolomic and physiological 
analyses should be performed. Analysing nitrate uptake, reduction and assimilation 
(and intermediates) together with total nitrogen content of roots and shoots is 
required to validate the role of CEP3 in nutrient allocation. It would also be interesting 
to examine if the altered nitrogen allocation leads to changes in photosynthetic rate or 
capacity.  
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Additionally, the roles of CEPR1 and/or CEPR2 in this model need to be investigated. 
There is limited evidence to suggest that one or both of these receptors are important 
in mediating the output of CEP3 signalling in vivo. Additionally, it remains to be seen if 
CEP3 plays a role in the systemic signalling mediated by CEPR1/2 proposed by Tabata 
et al. (2014). Phenotypic, transcriptomic and physiological (as mentioned above) 
analysis of cepr1 and cepr2 mutants individually will shed light on these questions.  
Finally, the specific roles of other CEPs in Arabidopsis remain to be elucidated. The 
effect of other CEPs on lateral root development appears to be more pronounced. 
Further analysis of the roles of CEPs in lateral root development would therefore be 
warranted. The induction of CEP genes by other extrinsic factors is also a fruitful 
avenue for further investigation. Exploring whether these CEPs mediate a similar in 
response to other factors will be illuminating. The work presented here provides a 
strong foundation for further analysis.  
6.6.2 Broader applications for CEP technology 
Humanity faces several grand challenges in feeding a growing population with 
shrinking resources. It is estimated that food production must increase by 70% in order 
to feed the projected increase in world population by 2050 (FAO, 2009). At the same 
time, environmental degradation, climate change and nitrogen fertiliser over-use are 
all limiting our ability to meet this target (Steffen et al., 2015). Understanding the 
regulatory landscape of plant development is a key factor in addressing these issues. 
The work carried out in this thesis has the potential to be applied to commercial 
agriculture settings to help address some of the challenges mentioned above.  
The first steps towards applying CEP technology to agriculture is to understand how 
findings from Arabidopsis presented here translate to crop species. A recent 
publication identified over 900 CEPs in angiosperms and gymnosperms, including a 
suite of CEP genes in rice (Oryza sativa) (Ogilvie et al., 2014). It was shown that these 
OsCEPs also have specific expression patterns based on publicly available 
transcriptomic data (Ogilvie et al., 2014). This is a crucial first step in the process of 
understanding CEP activity in these species. Next, CEPs need to be selected for further 
analysis based on these expression patterns, with a particular focus on how they 
interact with genes in the nutrient allocation pathways described in this project.  
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Additionally, the ability of crops to respond to synthetic CEPs should be investigated. It 
was shown here in Arabidopsis that applying synthetic CEPs (or variants thereof) could 
modify root architecture and nutrient allocation pathways. If similar responses are 
seen in crop species, the application of synthetic CEPs could present an opportunity to 
modulate plant growth without the need for genetic modification. 
Finally, there is evidence for a role of CEPs in biotic interactions with pathogens, 
symbionts and parasites. It was found here that several CEPs respond to pathogen 
infection. The biological relevance of these interactions remains to be investigated.  
Additionally, research in Medicago truncatula has revealed CEPs play a role in 
nodulation and symbiosis with rhizobial bacteria required for in nitrogen fixation (Imin 
et al., 2013). Finally, it has been shown that CEP genes are found outside plants 
exclusively in root-knot nematodes (Delay et al., 2013b). Based on the results 
presented here, it is tempting to speculate that these nematodes have co-opted CEPs 
as a way of controlling nutrient allocation to feeding sites or for gall formation.    
These strategies and areas of further investigation provide exciting opportunities for 
the outcomes of this thesis to be applied to commercial agriculture and to help tackle 
some of the grand challenges faced by humanity.  
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Abstract 
Plant root systems arise de novo from a single embryonic root. Complex and highly 
coordinated developmental networks are required to ensure the formation of lateral 
organs maximises plant fitness. The Arabidopsis root is well suited to dissection of 
regulatory and developmental networks due to its highly ordered, predictable 
structure. A myriad of regulatory signalling networks control the development of plant 
roots, from the classical hormones such as auxin and cytokinin to short-range 
positional signalling molecules that relay information between neighbouring cells. 
Small signaling peptides are a growing class of regulatory molecules involved in many 
aspects of root development including meristem maintenance, the gravitropic 
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response, lateral root development and vascular formation. Here, recent findings on 
the roles of regulatory peptides in these aspects of root development are discussed. 
 
Introduction 
The entire plant root system is formed post-embryonically from a single primary root. 
Growth and development of this system requires coordinated regulation of hardwired 
developmental programs together with input from environmental signals (Casimiro et 
al. 2003; Malamy 2005). While the classical phytohormones are key players in many 
aspects of root development, cell-to-cell communication is a vital component of most 
developmental processes. Regulatory peptides are one class of small signalling 
molecules that mediate intercellular communication. Roles for small signalling 
peptides in shoot development have been elucidated and are relatively well-
characterised (Fukuda and Higashiyami 2011). Recently, there has been a leap in our 
understanding of the roles of regulatory peptides in root development.  
 
Small signalling peptides arise from genes that typically encode an N-terminal signal 
peptide region, one or more conserved peptide domains and variable regions that 
flank one or both sides of the discrete peptide domains.  There are two structural 
classes of signalling peptides: small (5-20 amino acids) post-translationally modified 
peptides, which are the focus of this review; and larger cysteine rich peptides 
(approximately 50 amino acids) that undergo disulfide bond formation as part of the 
maturation process. Common post-translational modifications to the smaller peptides 
class include hydroxylation, sulfation and arabinosylation. These modifications may 
increase peptide stability, assist with receptor interactions and provide a further 
degree of regulation. The precursor proteins undergo processing to form the mature 
peptide product. While the maturation process is poorly understood, it was recently 
shown that four residues upstream of the peptide domain are required for CLE peptide 
endo proteolytic processing (Ni et al., 2011).  Most peptides are thought to act as 
extracellular signalling molecules that are ligands for membrane bound receptors 
although few ligand/receptor interactions have been validated (Matsubayashi et al. 
2002; Hirakawa et al. 2008; Ogawa et al. 2008).  
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Several families of regulatory peptides, defined by homology of the peptide domain, 
have been implicated in various developmental processes in the roots. The CLE 
(CLAVATA3/ESR-related) peptide family has a conserved 12-14 amino acid CLE motif at 
or near the C-terminus (Cock and McCormick, 2001). The RGF (ROOT GROWTH 
FACTOR) family of peptides, also known as GLV (GOLVEN) and CLEL (CLE-Like), has a 
conserved 14 amino acid peptide domain containing the tyrosine sulfation motif Asp-
Tyr (Matsuzaki et al., 2010; Meng et al., 2012b; Whitford et al., 2012). The IDA 
(INFLORESCENCE DEFICIENT IN ABCISSION) peptide family has conserved, functionally 
active 20 amino acid motif (EPIP) (Butenko et al., 2003; Stenvik et al., 2008). The CEP 
(C-TERMINALLY ENCODED PEPTIDE) family has a conserved 15 amino acid peptide 
domain with two proline residues that may be hydroxylated (Ohyama et al., 2008).  
 
Recent work implicates regulatory peptides in many aspects of root growth and 
development, including meristem maintenance, gravitopism, lateral root development 
and protoxylem differentiation (Fig. 1A-G). This review outlines the recently discovered 
roles of these peptide families in root development. 
 
Root meristem maintenance 
For continual growth and development, roots require a source of new cells that are 
able to differentiate into various tissue types. The root meristem contains a population 
of stem cells maintained by the quiescent centre (QC). An extraordinary amount of 
precise regulation is required to ensure that the identity of the QC cells, the 
surrounding stem cells and their daughters is maintained. Several transcription factors 
are essential for this. WOX5 (WUSCHEL- related homeobox 5) is expressed in the QC to 
maintain stem cell identity (Haecker et al., 2004). SCR (SCARECROW) and SHR 
(SHORTROOT) are expressed along the radial axis to provide positional information and 
also maintain QC identity (Di Laurenzio et al., 1996; Helariutta et al., 2000; Sabatini et 
al., 2003). PLT1 (PLETHORA1) and PLT2 (PLETHORA2) are auxin responsive genes that 
form a gradient distribution to maintain stem cell identity when expressed at high 
levels and promote differentiation when present at low levels (Aida et al., 2004; 
Galinha et al., 2007). An auxin maximum is also required in the stem cell niche 
(Sabatini et al., 1999; Friml et al., 2003).  
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A recent report implicated the CLE40 peptide in maintaining QC and columella stem 
cell identity (Fig. 1D; Stahl et al., 2009). CLE40 is expressed in the stele and in 
differentiating columella cells. cle40 loss of function mutants had short roots with 
irregular tips caused by delayed differentiation of columella stem cells.  Excessive 
CLE40 led to columella stem cell differentiation. The expression of WOX5 was 
perturbed when CLE40 was deregulated, extending beyond the QC in the cle40 mutant 
and being reduced in the QC and shifted towards the proximal meristem upon CLE40 
peptide addition to WT plants. CLE40, together with ACR4 (Arabidopsis CRINKLY 4), a 
receptor-like kinase, regulated the spatial expression of WOX5 to maintain columella 
stem cell identity. Additionally, the CLV2 (CLAVATA 2) leucine-rich repeat receptor was 
found to be necessary for CLE40-dependant root growth suppression, but not for 
differentiation of the daughters of columella stem cells (Stahl et al., 2009), indicating 
that the same peptide may interact with more than one receptor to regulate different 
developmental processes. Indeed, further investigation showed that subcellular 
localisation, environment and concentration affect the formation of receptor 
complexes (Stahl et al., 2013). The leucine-rich repeat receptor kinase CLV1 was shown 
to be involved in the signalling pathway of CLE40 and ACR4 (Fig. 1D). ACR4 and CLV1 
have similar expression patterns in the root meristem. CLE40 regulates ACR4 
expression but not CLV1 expression. Using Förster resonance energy transfer and 
multiparameter fluorescence image spectroscopy, the transmembrane domains of 
ACR4 and CLV1 were shown to interact and form homomeric and heteromeric 
complexes depending on localisation (plasma membrane or plasmadesmata). Both the 
clv1 and acr4 single mutants were impaired in aspects of meristem maintenance and 
responded differently to CLE40 peptide application. This indicated that the homo-and 
heteromeric complexes differentially regulate root meristem maintenance.  
 
In another recent report, the sulphated RGF1 peptide was found to regulate meristem 
maintenance by providing a link between PLT expression and auxin through sulfation 
by TPST1 (TYROSYLPROTEIN SULFOTRANSFERASE 1) (Fig. 1G; Matsuzaki et al., 2010; 
Zhou et al., 2010). The tpst1 mutant displayed pleiotropic effects including decreased 
meristem size and cell division activity, QC misregulation and starch granule 
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accumulation. This mutant lacked the only copy of tyrosylrotein sulfotransferase found 
in the Arabidopsis genome (Matsuzaki et al., 2010; Zhou et al., 2010). TPST1 was 
induced by auxin and helped to maintain auxin distribution by regulating expression of 
PIN and auxin biosynthetic genes (Zhou et al., 2010).  
 
The RGF peptide family was found by a bioinformatic search for putatively sulphated 
peptide encoding genes (Matsuzaki et al., 2010). Applying synthetic, sulfated RGF1 
peptide to tpst1 roots ameliorated the stem cell mis-regulation phenotype and 
increased cell division activity, indicating that sulphated RGF1 was required for these 
processes. Further investigation showed the sulphated peptides PSK 
(PHYTOSULFOKINE) and PSY1 (PLANT PEPTIDE CONTAINING SULFATED TYROSINE 1) 
were also required for full restoration of cell division activity. Eight of the nine 
sulphated RGF peptides complemented the tpst1 mutant in this way, however non-
sulfated peptides were unable to do so. It was found that RGF1 acts by regulating 
spatial expression and expression levels of PLT transcription factors. This work 
provided a link between auxin levels, the RGF peptide and PLT expression through 
TPST1. These studies also exemplified the extra layer of regulation that can be 
provided by post-translational modification of signalling peptides. 
 
The CEP family has also been shown to affect root meristem development (Ohyama et 
al., 2008). Several forms of cleaved and modified peptides were confirmed using mass 
spectrometry on CEP1 overexpression lines. Synthetic 15 amino acid CEP1 peptide 
application or CEP1 overexpression arrested root growth. Meristematic cell division 
and expansion was repressed by CEP1, although QC specification was not affected. A 
more detailed analysis of the CEP family and the mode of action of individual CEPs is 
required.  
 
Vascular development 
Once cells leave the meristematic zone of the root, they go through phases of 
elongation and differentiation into specific tissue types. Procambial and cambial cells 
differentiate into xylem and phloem, the vascular tissues required for long-distance 
transport of water and nutrients though the plant. Several regulatory peptides are 
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known to play important roles in vascular development, including the CLE-family 
member TDIF (TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY FACTOR) (Ito et 
al., 2006). More recently, another member of this family, CLE10, was found to inhibit 
protoxylem formation through interaction with cytokinin signaling (Fig. 1F; Kondo et 
al., 2011).  
 
A screen for CLE genes up-regulated during vascular development together with 
synthetic peptide assays implicated CLE10 in early xylem differentiation (Kondo et al., 
2011). CLE10 peptide application rapidly down-regulated the transcription of ARR5 and 
ARR6, two type A Arabidopsis RESPONSE REGULATORs that negatively regulate 
cytokinin signalling. This indicated that cytokinin signalling was increased by CLE10, 
leading to decreased protoxylem development, one of the documented roles of 
cytokinin. The leucine-rich repeat receptor-like protein CLV2 and protein kinase CRN 
(CORYN)/SOL2 (SUPRESSOR OF LLP2) were both required for CLE10 suppression of 
ARR5 and ARR6 transcription, indicating they may be the receptor module for the 
CLE10 peptide.  
 
Gravitropic response 
Response to gravity stimulus is an essential component of root development. This 
process relies on gravity sensing in the root tip together with manipulation of auxin 
gradients, mediated by the localisation of the AUX1/LIKE-AUX1 family of auxin influx 
carriers and the PIN-FORMED (PIN) family of auxin efflux carriers (Vieten et al. 2007). 
The GLV/RGF peptide family has been implicated in this process (Fig. 1C). Using a 
reverse genetic screen, Whitford et al. (2012) found that GLV1/RGF6, GLV2/RGF9 and 
GLV3/RGF4 overexpression (or sulphated peptide addition) caused an altered 
gravitropic response in roots. GLV1/RGF6 and GLV3/RGF4 post transcriptionally 
regulated PIN2 within minutes of peptide application, presenting evidence that 
GLV/RGF signalling controls the trafficking and stability of PIN2. A perturbation in the 
PIN2 pool would abolish the finely tuned auxin gradient necessary for normal 
gravitropic response. A loss of function glv3/rgf4 mutant displayed gravitropic defects 
(Fernandez et al., 2013) implying GLV3/RGF4 is required for correct gravitropic 
response. 
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In a separate study, CLEL /RGF genes were found by homology with CLE18, a peptide 
precursor gene with a CLE motif in the variable region and a CLEL/RGF peptide domain 
at the C terminus (Meng et al., 2012a). Unmodified CLEL6/RGF6 and CLEL8/RGF1 
peptide application and CLEL6/RGF6 and CLEL7/RGF5 overexpression induced long 
roots on WT plants as well as an additional ‘wavy’ root phenotype. This wavy root 
phenotype was reported to be independent of thigmotropism and phototropism. It 
was also reported to be independent of gravitopism as the phenotype persisted when 
unmodified CLEL6/RGF6 peptide was applied to eir1-1 and aux1-7 mutants, which are 
impaired in the gravitropic response.  This is in disagreement with the aforementioned 
study which implicates CLEL6/GLV1/RGF6 in gravitropic response.  
 
Interestingly, the peptide-encoding gene at the centre of this debate, 
CLEL6/GLV1/RGF6, is reportedly not expressed in any part of the root (Fernandez et al., 
2013; Whitford et al., 2012). Furthermore, a GLV1/RGF6 knockdown line did not show 
impaired gravitropic response (Fernandez et al., 2013). This indicates regulation of 
peptide gene expression is paramount to its in planta function. Excessive peptide 
treatment by overexpression or peptide application should be interpreted in a 
biologically relevant context and should be supported by data from loss of function 
mutants. 
 
Lateral root development 
The formation of lateral roots allows the plant to exploit water and nutrients in the 
surrounding soil. Lateral roots arise from a repetitive process which begins in the root 
meristem region. The earliest described event in lateral root development is priming or 
pre-branch site formation. This process requires auxin (De Smet et al., 2007) and the 
oscillation of over 3,000 genes (Moreno-Risueno et al., 2010). As the cells move into 
the differentiation zone, a site of relatively low auxin levels, lateral root founder cells 
are specified from xylem pole pericycle cells (Dubrovsky et al., 2008; Dubrovsky et al., 
2011). The founder cells are initiated in an auxin dependent manner (Dubrovsky et al., 
2011) and begin to undergo a series of divisions. Eight stages of lateral root 
development have been defined (Malamy and Benfey, 1997), from the first 
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asymmetric division (stage I) through many subsequent rounds of cell division (stages 
II-VII), to lateral root emergence (Stage VIII). In order for the nascent lateral root to 
pass through the cortical, endodermal and epidermal cell layers before emerging, 
auxin-dependent degradation and remodelling of cell walls is required (Swarup et al., 
2008).  
 
Peptides from the RGF family were reported to regulate lateral root development in an 
auxin independent manner (Fig. 1A; Meng et al., 2012a). Overexpression of CLEL6 
/RGF6 or CLEL7/RGF5 resulted in a significant reduction in lateral root number, due to 
abnormal cell divisions at stage I of lateral root development. The authors speculated 
that CLEL6/RGF6 and CLEL7/RGF5 may interact with the receptor kinase ACR4, as it too 
plays an important role in the early stages on LR development.  Other RGF genes were 
found to be specifically expressed during different stages of lateral root development 
(Fernandez et al., 2013). Promoter reporter constructs showed that GLV6/RGF8 was 
active from stage I of lateral root development, GLV5/RGF2 and GLV10/RGF5 at stage 
II, GLV7/RGF3 and GLV11/RGF1 at stage IV, GLV3/RGF4 at stage V and GLV9 and 
GLV2/RGF9 after emergence. Overexpression of these genes resulted in decreased 
lateral root number as well as root waving and enlarged root meristems. These data 
indicate that RGF peptides may act at different stages of lateral root development, 
however specific mechanisms remain to be elucidated. 
 
The IDA peptide and its receptors, HAE (HAESA) and HSL2 (HAESA-Like 2) were recently 
shown to play a role in lateral root emergence (Fig. 1E; Kumpf et al., 2013) in addition 
to their known roles in floral abscission (Butenko et al., 2003; Stenvik et al., 2008). The 
ida, hae, hsl2 single mutants and hae hsl2 double mutant showed a significant 
reduction in the number of lateral roots (Kumpf et al., 2013). Lateral root primordia in 
these mutants encountered difficulties in penetrating the cortical, endodermis and 
epidermal cell layers and often displayed irregular flattened shapes. IDA was strongly 
induced by auxin, whereas the two receptors were only transiently induced by auxin, 
indicating the receptors are used to limit IDA function. Two stages for IDA-mediated 
cell wall remodelling (CWR) were identified. During early primordia development 
(Stage I and II), auxin from the lateral root primordium induced IDA expression in the 
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endodermal cells, where HAE and HSL2 were already present. IDA signalling led to the 
expression of CWR enzymes, which allowed the nascent lateral root to pass through 
the endodermal cell layer. At a later stage in primordia development (Stage V), auxin 
was derived from the auxin influx carrier LIKE AUX1-3 (LAX3), expressed in the 
neighbouring cortical and epidermal cells. This induced the degradation of SOLITARY 
ROOT1 which in turn released the transcription factors AUXIN RESPONSE FACTOR 7 
and 19. ARF7 was required for the subsequent induction of IDA that triggered the 
expression of CWR genes through HAE/HSL2 signalling to allow the primordia to 
emerge from the parent root.  
 
Other roles of small signalling peptides in root development 
A recent report described CLELn (CLE-Like protein in the nucleus), a RGF family gene 
that lacked the archetypal N-terminal signal sequence (Meng et al., 2012b). A GFP-
fusion assay suggested this peptide localises to the nucleus and western blots 
indicated it is specifically processed from the precursor. Overexpression of this gene 
gave a long root phenotype similar to GLV2/RGF9 overexpression, however synthetic 
peptide application elicited the long and wavy phenotype seen when GLV1/RGF6 and 
GLV11/RGF1 synthetic peptides were assayed. These data raise the possibility that 
regulatory peptides do not act solely as intercellular signals and may play roles in 
nuclear signalling or are secreted by non-conventional routes. 
 
Regulatory peptides also play important roles in nodule organogenesis in legumes. 
Nodules form in response to infection by symbiotic bacteria called rhizobia. This 
process requires systemic regulation (auto-regulation of nodulation) (Caetano-Anolles 
and Gresshoff, 1991), a process that has parallels with shoot meristem regulation in 
Arabidopsis by CLV3 and CLV1 and their downstream processes (Mayer et al., 1998; 
Brand et al., 2000; Schoof et al., 2000; Leibfried et al., 2005; Osipova et al., 2012). Two 
root-specific pathways that involve Nod factors and cytokinin signalling are also 
required for nodulation.  Medicago truncatula CLE12 and CLE13 are up-regulated in 
nodulating roots (Mortier et al., 2010). Upon overexpression, wild type plants do not 
form nodules. Suppression of nodulation by MtCLE12 and MtCLE13 is dependent upon 
SUNN (SUPER NUMERIC NODULES, orthologous to CLAVATA1 in Arabidopsis) and 
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induces type A response regulators, leading to cytokinin signalling (Mortier et al., 2010; 
Saur et al., 2011). Similar results were found in Glycine max (Reid et al., 2011) and 
Lotus japonicus (Okamoto et al., 2009), indicating at least two CLE peptides play an 
essential role in the autoregulation of nodulation. Recently a nodule-specific CLE in L. 
japonicas (CLE-RS2) was shown to be a root produced arabinosylated peptide 
(Okamoto et al. 2013). It interacted with HAR1, which shares functional similarity with 
SUNN, in an arabinose chain and sequence-dependent manner. CLE-RS2 was found in 
shoot-collected xylem sap, indicating that the CLE-RS glycopeptide is a long distance, 
root-to-shoot signal that controls autoregulation.  These exciting results add a new 
dimension to how regulatory peptides control root development. 
 
Future perspectives 
Although a number of peptides from the CLE and RGF families have been implicated in 
different aspects of root development, the specific function and mechanistic action of 
other family members remains to be elucidated (Fig. 1B). In a step towards this, the 
expression patterns and effects of mis-regulation of all RGF and CLE peptide family 
members have been assessed (Jun et al., 2010; Fernandez et al., 2013). Further work is 
required to elucidate the functions of the CEP family in root development.  
 
While genetic redundancy has hindered elucidation of peptide function by loss of 
function mutants, a recently reported technology may assist in overcoming this. It was 
shown that by substituting Gly6 in the CLV3 peptide domain for Ala or Thr, dominant-
negative clv3 phenotypes were obtained (Song et al., 2013). When applied in 
combination with the unsubstituted CLV3 peptide, it was shown that the antagonistic 
effect was a result of competition between the two peptides. It was hypothesised that 
CLV3Thr6 was able to bind the CLV3 receptor without eliciting a response. This concept 
was also used to make antagonists for CLE8 and CLE22 peptides. This technology may 
assist in elucidating the function of specific regulatory peptides. 
 
As highlighted in this review, small signalling peptides play important roles in root 
development. There are several layers of regulation which serve to add specificity to 
the roles of individual peptides. These include post-translational modification, tissue 
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specific expression,regulation of receptor expression,the subcellular localisation of the 
receptor and the potential for long distance movement. Recent bioinformatic 
approaches have indicated that over 7000 small, unannotated open reading frames 
exist in the A. thaliana genome (Hanada et al., 2013). As proportion of these are likely 
to be regulatory peptide encoding genes, there is still a long way to go in fully 
exploring the extent of peptide mediated developmental regulation.  
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Figures  
 
Figure 1: Recent advances in peptide mediated regulation of root development. CLE, 
RGF/GLV/CLEL, IDA and CEP peptides are involved in several aspects of root 
development including lateral root formation, protoxylem development, stem cell 
maintenance and gravitrophic response. Known pathways discussed in this review are 
shown near their approximate location in the root. Peptides are indicated in green 
text, receptors in blue. Upstream processes are yellow and downstream processes are 
red. Developmental output is indicated by black text.  
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ABSTRACT 
 
The manifestation of repetitive developmental programs during plant growth can be 
adjusted in response to various environmental cues. During root development, this 
means being able to precisely control root growth and lateral root development. Small 
signalling peptides have been found to play roles in many aspects of root 
development. One member of the CEP (C-TERMINALLY ENCODED PEPTIDE) gene family 
has been shown to arrest root growth. Here, we report that CEP genes are widespread 
among seed plants but are not present in land plants that lack true branching roots or 
root vasculature. We have identified ten additional CEP genes in Arabidopsis. 
Expression analysis revealed that CEP genes are regulated by environmental cues such 
as nitrogen limitation, increased salt levels, increased osmotic strength and increased 
CO2 levels in both roots and shoots. Analysis of synthetic CEP variants showed that 
both peptide sequence and modifications of key amino acids affect CEP biological 
activity. Analysis of several CEP over-expression lines revealed distinct roles for CEP 
genes in root and shoot development. A cep3 knockout mutant showed increased root 
and shoot growth under a range of abiotic stress, nutrient and light conditions. We 
demonstrate that CEPs are negative regulators of root development, slowing primary 
root growth and reducing lateral root formation. We propose that CEPs are negative 
regulators that mediate environmental influences on plant development. 
 
Key words: CEP, small signalling peptide, root development, lateral root formation, 
environmental regulation.  
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INTRODUCTION 
 
Plant roots exhibit remarkable plasticity in their ability to adapt and react to 
environmental stimuli. From a single embryonic primary root, the entire lateral root 
network is formed to exploit the surrounding soil and maximize plant fitness. This 
highly regulated process requires integration of intrinsic developmental pathways and 
environmental information (Malamy, 2005; Peret et al., 2009). How this occurs is not 
fully understood and while the phytohormones play a major role in these processes, 
other signalling molecules are also required.  
 
Small, secreted regulatory peptides are a growing class of signaling molecules involved 
in many aspects of shoot and root development. They arise from genes that typically 
encode an N-terminal secretion signal, one or more conserved peptide domains and 
variable regions that flank one or both sides of the discrete peptide domains.  The 
precursor proteins undergo processing to form the mature peptide product. Many 
peptides also undergo post-translational modifications, such as hydroxylation, 
sulfation and arabinosylation (Matsubayashi, 2012). Most regulatory peptides act as 
extracellular signaling molecules that are ligands for membrane bound receptors.   
 
Several families of regulatory peptides have been described and are defined by 
homology of the peptide domain including CLE (CLAVATA3/ESR-related; Cock and 
McCormick, 2001), RGF (ROOT GROWTH FACTOR; Matsuzaki et al., 2010; Meng et al., 
2012; Whitford et al., 2012), IDA (INFLORESCENCE DEFICIENT IN ABCISSION; Butenko 
et al., 2003) and CEP (C-TERMINALLY ENCODED PEPTIDE; Ohyama et al., 2008). Recent 
work has implicated small peptide signals in many aspects of root growth and 
development, including meristem maintenance, gravitopism, lateral root development 
and protoxylem differentiation (Delay et al., 2013). 
 
The CEP (C-TERMINALLY ENCODED PEPTIDE) family was discovered using an in silico 
approach (Ohyama et al., 2008). The founding five members of this family in 
Arabidopsis were characterized by a conserved 15 amino acid peptide domain at or 
near the C-terminus. The mature product was shown to be a 14 or 15 amino acid 
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peptide containing one or two hyroxylated proline residues and the 15 amino acid 
peptide was reported to be biologically active on roots. Over-expression of AtCEP1, 
which was mainly expressed in the shoot apical meristem and LR primordia during 
development, resulted in reduced primary and lateral root elongation as well as a 
smaller shoot system. Confocal imaging showed that CEP1 over-expression roots had a 
reduced number of meristem cells (Ohyama et al., 2008).  
 
Aside from the above study on CEP1, little is known about the CEP family. This includes 
their distribution beyond Arabidopsis, what controls CEP expression, the roles of 
different CEP family members in Arabidopsis, their molecular mode-of-action and 
mutant studies.   
 
Here, we have used several approaches to fill these gaps. We report that CEP genes are 
widely distributed in seed plants. Using a bioinformatic approach, we found a further 
ten Arabidopsis CEPs.  We show that CEP expression is regulated by environmental 
cues such as nitrogen limitation, increased salt levels, increased osmotic strength and 
increased CO2 levels in both roots and shoots. Analysis of synthetic CEP variants 
showed that both peptide sequence and modifications of key amino acids affect CEP 
biological activity. Over-expression of several CEP genes gave differing root and shoot 
phenotypes. A cep3 knockout mutant showed enhanced root growth under a range of 
environmental conditions and enhanced shoot growth when grown hydroponically. 
We show that CEPs decrease lateral root formation and slow primary root growth. 
Collectively, our results indicate CEPs mediate developmental pathways in response to 
environmental cues.   
 
MATERIALS AND METHODS  
 
Plant materials and growth 
 
For root assays, seeds of Arabidopsis thaliana (accession Col-0) were surface sterilized 
with 6.25% bleach, stratified for 3-4 days and sown onto plates. Standard growth 
medium was ½ MS medium with Gamborg’s vitamins (M0404; Sigma Aldrich) adjusted 
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to pH 5.7 and solidified with 1% phytagel (P8169; Sigma Aldrich). Modified ½ MS 
medium consisted of basal micronutrient solution (M0529; Sigma Aldrich) with 
macronutrients added to the concentrations described (Murashige and Skoog, 1962) as 
indicated in the text. Plates were placed vertically in a growth chamber at 22 °C with a 
16 hour photoperiod and photosynthetically active radiation of 100 µmol /m-2 /s-1. 
Plates were imaged using an Epson scanner and images were analysed using the 
SmartRoot plugin (Lobet et al., 2011) in ImageJ. Statistically significant differences 
were determined using a two-sample t-test (Genstat 14th edition) where appropriate. 
 
For hydroponic growth assays, the lids of eppendorf tubes were separated and a hole 
was punched in the top. The lids were filled with 0.5% agar and a single stratified seed 
was placed in the hole. Lids were placed in floating holders in tubs containing ¼ MS 
medium (M0404; Sigma Aldrich). Tubs were aerated for 15 mins every two hours.  
 
SALK_15856C, which has a T-DNA insertion in the CEP3 gene (Alonso et al., 2003), was 
obtained from ABRC. As it was initially expected that redundancy would occur in the 
CEP family, this mutant was crossed with SALK_075885, which has a T-DNA insertion in 
the CEP9 gene. This line, cep3-1a was confirmed to be homozygous for the T-DNA in 
CEP3 and hemizygous for the T-DNA insertion in CEP9. qRT-PCR was used to confirm 
that CEP3 expression was absent and CEP9 expression was not reduced in this line (Fig. 
S1). Additionally, phenotypes were extremely consistent within treatments, indicating 
that the hemizygous insertion in CEP9 was not affecting the phenotype. cep3-1a was 
used in the majority of phenotyping assays. From the progeny of cep3-1a, a line with a 
single homozygous T-DNA insertion in the CEP3 gene and no insertion in the CEP9 
gene, cep3-1b, was obtained. This line showed phenotypes consistent with cep3-1a in 
selected assays (Fig. S2A). qRT-PCR was used to confirm that CEP3 expression was 
absent and CEP9 expression was not reduced in this line (Fig. S1).     
 
Over-expression constructs and plant transformation 
 
To make over-expression constructs, CEP2, CEP3, CEP4, CEP5, CEP6 and CEP9 coding 
sequences were PCR amplified from genomic DNA and cloned into pENTR D-TOPO. An 
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LR recombination reaction was performed with the pK7WG2D destination vector 
(Karimi et al., 2002). Constructs were transformed into Agrobacterium tumefaciens 
strain LBA4404 (Invitrogen), which was used to transformed the vector into Col-0 
plants using the floral dip method (Clough and Bent, 1998). Over-expression was 
confirmed by qRT-PCR in selected independent lines (independent lines are identified 
by different numbers). All lines were at least generation T3.  
 
RNA extraction, cDNA synthesis and qRT-PCR analysis  
 
RNA was extracted using the Trizol reagent (Life Technologies) and purified using spin 
columns (RNeasy plant mini kit; QIAGEN). cDNA was synthesized using the Superscript 
III Kit (Invitrogen). Taqman reactions were set up and run according to manufacturer’s 
specifications (Life Technologies) using gene specific probes and a control probes 
(PP2AA3; At1g13320) designed by the manufacturer. Three biological replicates and 
three technical replicates were used. Outliers were omitted from analysis. Data was 
analysed using the ΔΔCT method (Livak and Schmittgen, 2001) and statistical analysis 
was performed as described using a t-test (Yuan et al., 2006). For CEP3 and CEP9 
expression assays in the cep3-1 mutants and for confirmation of CEP over-expression 
lines, primers were used together with Fast Sybr Green Mastermix (Invitrogen) 
according to manufacturer’s instructions. Melt curves were analysed for to ensure 
specific primer binding. Data was analysed as described above. 
 
Microscopy and Imaging 
 
To define the stages of lateral root development, Differential Interference Contrast 
microscopy was performed on cleared roots as described (Malamy and Benfey, 1997).  
 
Sequence and conserved domain analysis of CEP proteins 
 
To identify potential members of the CEP gene family in plants, amino acid sequences 
of A. thaliana CEP family members were used as a query in BLAST searches against 
NCBI non-redundant, EST and genomic databases (blast.ncbi.nlm.nih.gov/), JGI 
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(genome.jgi-psf.org/) and Phytozome v9.0 (www.phytozome.net/). The BLAST analyses 
were performed by automatically adjusting input to short sequence for a TBLASTN 
search in all six open reading frames (ORFs). Full length ORFs were also used in the 
BLAST searches to confirm the matches from short sequence input searches. SignalP 
was used to search for signal sequences in all resulting ORFs, using both neural 
network (NN) and Hidden Markov Model (HMM) modes. In several cases where 
SignalP yielded low scores, SecretomeP (www.cbs.dtu.dk/services/SecretomeP-2.0/) 
was used to detect non-classical secretion signals. Only the sequences with either N-
terminal signal peptide (SignalP) or non-classical secretion signals were reported. Using 
the BLAST search parameters described above, we also searched 1000 plants (oneKP or 
1KP) database in which the transcripts of 1000 different species of plants are being 
sequenced by next generation sequencing (http://www.onekp.com). Due to the 
incomplete nature of the oneKP database, no attempt was made to identify putative 
signal peptides. Arabidopsis CEP assignment and naming was aligned with the results 
from Roberts et al. (2013) 
 
Data mining analyses  
 
To instigate our analysis of CEP expression profiles in Arabidopsis, we used 
Genevestigator (Hruz et al., 2008). Data were filtered to show only results with a fold 
change greater than 1.5 and a P value of < 0.05. 
 
RESULTS AND DISCUSSION 
 
CEP loci are widely distributed among seed plants but not ancient lineages of land 
plants 
 
Although broad structural and developmental diversity exists between ancient (e.g., 
Physcomitrella and Selaginella) and more recently evolved lineages of land plants (e.g. 
angiosperms), phylogenetic analyses demonstrate that they share key genes involved 
in developmental regulation and phytohormone biosynthesis (Raven and Edwards, 
2001; Bowman et al., 2007; Floyd and Bowman, 2007; Rensing et al., 2008; Pils and 
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Heyl, 2009; Prigge and Bezanilla, 2010). In contrast to this, a search for CEP domain-
containing genes using plant genomic and expressed sequence tag (EST) collections 
found that they occur only in seed plants (Fig. 1). CEPs were absent from the 
Selaginella, Physcomitrella and algal genomes. Selaginella has vascularised roots and 
shoots and dominant sporophyte generation (Banks et al. 2011). Physcomitrella is non-
vascular and uses free swimming motile sperm during fertilisation (Prigge and 
Benzanilla, 2010). The absence of CEP coincides with a lack of root branching in 
Selaginella where root system growth occurs by bifurcation of the root apical 
meristem (Banks, 2009).   
 
Analysis of angiosperm CEP genes showed that they encode an N-terminal secretion 
signal and consisted of one to seven 15-amino acid CEP domains (Dataset S1). Apart 
from the secretion signals and the CEP domains themselves, CEPs displayed little 
sequence conservation. CEPs also universally lacked introns. Our analysis identified 
126 dicot CEP genes (encoding 187 CEP domains) and 33 monocot CEP genes (encoding 
41 CEP domains; Dataset S1). Dicot and monocot CEP domains were distinctive (Fig. 1). 
Monocot CEP domains lacked the phenylalanine residue at position two, which was 
highly conserved in dicots, and all dicot CEP domains terminated with histidine 
whereas monocot CEP domains terminate with histidine or asparagine (Fig. 1). We also 
searched the 1000-plant (oneKP or 1KP) EST database (http://www.onekp.com/ and 
found 78 CEP coding genes only in angiosperms including three in Magnoliids, the 
largest clade of early diverging angiosperms (Soltis et al., 2005; Dataset S2).  
 
We also found a distinctive group of CEP genes, group II CEPs, in angiosperms (Dataset 
S3). The group II CEP domain contains a strongly conserved nine amino acid C-terminal 
region and exhibits divergence in the first six N-terminal amino acids (Fig. 1). However, 
the SPG(I/V)GH sequence at the C-terminus is highly conserved throughout group I and 
II CEPs. We found a family of CEP-like genes in gymnosperm EST databases (Fig. 1; 
Dataset S4). The gymnosperm CEP domains possessed a highly conserved 
GHSPG(I/V)GH sequence at the C-terminal region and a divergent N-terminus (Fig. 1). 
How these are evolutionarily related requires further investigation. 
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Recently, it was reported that CEP genes are present outside plants only in root knot 
nematodes (RKN) but not in other plant parasitic or free living nematodes (Bobay et 
al., 2013). A comparison of plant and RKN CEP domains showed that RKN domains 
were more similar to group I CEP domains than to other RKN domains (Fig. S3). In 
some instances, the RKN CEP domains were identical to the CEP domains of 
angiosperm group I CEPs (Fig. S3). This result may point to RKN and plant CEPs sharing 
an overlapping functional space and the possibility of RKN utilising CEP mimics for 
parasitism. It also raises the question of whether CEP genes were acquired by RKN 
through horizontal gene transfer (Jones et al., 2005; Haegeman et al., 2011). 
 
CEP genes in Arabidopsis  
 
Five CEP genes were found previously in the Arabidopsis genome (Ohyama et al., 
2008). Using a bioinformatic approach, we and Roberts et al. (2013) identified an 
additional ten CEP genes in Arabidopsis (Table 1). Four of the novel CEP genes were un-
annotated (CEP7, CEP8, CEP10 and CEP11) and one (CEP6) was annotated as the first 
exon of an unrelated gene (TAIR10). Each AtCEP encodes a small protein (77-133 
amino acids) with a predicted signal peptide and one or more CEP domains except 
AtCEP9, which possesses six CEP domains and encodes for a larger protein of 230 
amino acids. The internal expansion of the CEP domain in CEP2, CEP6, CEP9 and CEP10 
is intriguing as the domain sequences are not always identical to each other (Fig. S4A). 
Furthermore, CEP genes were often located in close proximity to each other. For 
example, CEP3 and CEP11 are located in tandem on chromosome 2 and CEP5, CEP6, 
CEP7 and CEP8 are also arranged sequentially on chromosome 5. Analysis of the amino 
acid sequences of these preproproteins shows no significant similarity in the N-
terminal signal peptide or variable region and the domain sequences are not identical, 
indicating these genes did not arise through a recent duplication event (Fig. S2B-C). 
These data indicate that evolution may be favouring diversity in CEP domain sequence 
as opposed to an increase in domain dosage. 
 
AtCEPs are induced by environmental cues and show tissue specific expression 
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To investigate CEP gene regulation in Arabidopsis, we search publicly available data for 
CEP expression profiles. AtCEP3, CEP5 and CEP9 were significantly induced by 
environmental conditions, particularly nutrient and biotic stress. For these three 
genes, nitrate starvation was one of the top three conditions under which a significant 
perturbation in gene expression occurred (Dataset S5). Additionally, AtCEP9 is one of 
the 31 signature genes up-regulated by elevated field CO2 (Li et al., 2006). CEP1, CEP13 
and CEP14 were significantly induced under a range of different stimuli (data not 
shown).  
 
To deepen our understanding of CEPs, we explored the expression of nine CEP genes 
under various growth conditions. Plants were grown for six days on standard medium 
before being transferred to various treatments for 24 hours (Table 2). We found that 
the expression of all the CEP genes were perturbed by the environmental stimuli 
tested in the root, shoot or both, except for CEP15. As the environmental stimuli 
tested were by no means comprehensive, it is possible that CEP15 expression is 
responsive to other environmental factors. Our results suggest that CEP1 and CEP2 are 
not expressed in the root under the conditions tested. Using a promoter-GUS fusion, 
Ohyama et al. (2008) showed that CEP1 was expressed in 14-day-old plants in the 
shoot apical meristem and in developing lateral root primordia. Using qRT-PCR, it was 
also shown that CEP2 was expressed in roots. The discrepancy in our results may be 
due to the fact that 7-day-old plants do not have many lateral root primordia and as 
we were taking whole root samples the expression may have been diluted. 
Additionally, the expression of CEP1 and CEP2 in the roots may be induced by other 
factors not tested in this assay. 
 
The most notable perturbation was a ten-fold increase in CEP3 expression in the roots 
under nitrogen depletion. This strong induction was not seen in the shoots, or under 
nitrogen limiting conditions in the roots. However, significant induction in the shoots 
was seen under nitrate, but not ammonium limitation. These data indicate that the 
response of CEP3 to low nitrogen is both tissue and nitrogen source specific. CEP3 was 
up-regulated two fold in response to increased salt in the roots and increased osmotic 
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strength in the shoots. CEP3 was severely down-regulated in response to increased 
CO2 levels in the roots only. 
 
The expression of other CEP genes was also perturbed under the conditions tested. 
CEP1 was up-regulated in the shoots under nitrogen depletion and nitrate limitation, 
but not ammonium limitation. Increased osmotic strength and increased salt levels 
also induced CEP1 in the shoots.  CEP2 expression was down-regulated in the shoots 
under nitrogen depletion and ammonium limitation, but was induced by nitrate 
limitation. CEP4 expression was induced slightly in the roots by nitrogen depletion and 
ammonium limitation, but not by nitrate limitation. The strongest induction in CEP4 
expression was seen under increased osmotic strength in both the roots and shoots. 
CEP5 was induced in the roots under nitrogen depletion and nitrate limitation, and 
repressed under ammonium limitation. The only change in CEP13 expression was 
repression seen in the shoots under nitrogen depletion. CEP14 expression was 
increased slightly in the roots under increased CO2 levels and more strongly in the 
shoots under increased osmotic pressure. 
 
CEP9 expression was repressed under ammonium limitation as well as increased 
osmotic strength in the roots. The expression of CEP9 was not significantly induced in 
either roots or shoots. Surprisingly, we did not see a change in CEP9 expression under 
increased CO2 levels as it has been reported to be a signature gene induced by 
elevated field CO2 levels (Li et al., 2006). There are several differences in experimental 
conditions that may account for this discrepancy. Firstly, Li et al. (2006) grew plants in 
the field, in soil. Secondly, above-ground parts of older plants exposed to CO2 for 12 
days were analysed. Thridly, plants were exposed to CO2 at 550 ppm. These 
differences in conditions are likely to contribute to the differences in CEP9 expression 
observed in our study.  
 
Our data indicated that CEP expression is perturbed by different environmental 
stimuli. This implicates CEPs as regulators of plant development in response to 
environmental stress. Expression changes were specific to roots and shoots and each 
CEP gene tested had a different expression profile. While root architecture response to 
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environmental signals has been well documented, mechanisms behind this regulation 
remain to be elucidated (Malamy, 2005; Peret et al., 2009; Gruber et al. 2013). It has 
been recently proposed that under low nitrogen conditions, lateral root development 
is regulated by NRT1.1-dependant auxin depletion (Krouk et al., 2010; Mounier et al., 
2013). It was further shown that NRT1.1 transcription itself is regulated by other 
environmental factors such as pH (Mounier et al., 2013). How CEP integrates with 
these systems is yet to be elucidated.  
 
Activity of synthetic CEP variants in Arabidopsis 
 
A previous report described the mature product of CEP1 as a 14 or 15 amino acid 
peptide with either one or two hydroxylated proline residues (Ohyama et al., 2008). 
Treating plants with a synthetic 15 amino acid CEP1 peptide at 10-6 M to 10-7 M 
inhibited root growth and generated a phenotype similar to CEP1 over-expression 
(Ohyama et al., 2008). We explored the phenotypic activity of variants of CEP3, CEP5 
and CEP9 as well as a scrambled peptide based on the amino acid sequence of CEP5 H 
(Fig. 2A-B; Fig. S5).  
 
All of the CEP variants, applied to plants at 10-6 M, not only decreased primary root 
length, but also significantly decreased lateral root density, except for CEP 5H (Fig. 2C). 
As expected, the scrambled peptide showed no effect on root growth. The severity of 
the effect of CEP variants was dependent on the peptide sequence as well as the 
modification. CEP3 H and CEP5 H both severely affected primary root length, reducing 
it to about half that of untreated plants. However only CEP3 H significantly decreased 
lateral root density. These two peptide variants are very similar in amino acid 
sequence, with only three residues differing and the last nine residues being identical 
(Fig. 2B). CEP9.1 and CEP9 H had a much weaker effect on primary root length, but also 
reduced lateral root density. Two of the terminal nine residues of CEP9.1 are different 
(but synonymous) to CEP3 H and CEP5 H. Thus, the terminal residues play a crucial role 
in peptide activity, potentially as they are required for interaction with receptors. It 
has been proposed that the CLE peptide domain sequence determines functionality in 
a tissue-specific manner due to optimal interactions with specific receptors (Meng et 
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al., 2010), which may also be the case with CEPs. In particular, the terminal residues of 
CEP peptide domains are highly conserved. 
 
To determine the differential biological activity of each peptide, a titration was 
performed using primary root length as an indicator of biological activity (Fig. 2D). 
CEP3 H, which had the most severe effect on overall root architecture (Fig. 2B), was 
active at 10-8 M. Biological activity was seen with CEP5 H at  10-9 M. CEP9.1 H was 
active at a lower concentration than the non-hydroxylated CEP9.1, even though the 
effect of CEP9.1 H on primary root length at 10-6 M was less severe. These data suggest 
both domain sequence and modifications determine functional activity and may 
present an avenue for regulation of peptide activity through post-translational 
modification. It has been reported that sulfation of the RGF1 peptide is essential for its 
function in root meristem maintenance (Matsuzaki et al., 2010). Furthermore, 
arabinosylation of a hydroxyproline residue in CLV3 increased its affinity for the 
receptor CLV1 (Ohyama et al., 2009).  It is possible that the difference in potency of 
our CEP peptide variants is due to changes in the affinity of the peptide for its 
receptor. Our data further highlight the dynamics of peptide-mediated regulation and 
the importance of the peptide sequence and structure. 
 
Over-expression reveals a role for CEPs in root and shoot development 
 
To investigate the roles of CEPs in plant development, we over-expressed six CEP 
genes under the control of a constitutive 35S promoter. When grown on standard 
medium for 12 days, we observed a significant decrease in primary root length in all 
CEP over-expression lines (Fig. 3A; Fig. S6). The most severe decrease was seen in the 
p35S:CEP3 and p35S:CEP4 lines. While the primary root length of all lines tested was 
reduced, some unique phenotypes were observed on plates. The shoots of the 
p35S:CEP3 and p35S:CEP4 lines were significantly larger than in the WT lines, even 
though the roots were severely impaired. Fresh weight measurements showed the 
shoots of these lines were double the weight of the WT (Fig. 3B). This increase in shoot 
size was not observed in the other over-expression lines (Fig. S6). 
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To further investigate the shoot phenotypes the over-expression lines were grown in 
pots (Fig. 3C-J). The phenotypes seen were diverse and unique to each over-expression 
line. Five-week old p35S:CEP2 plants had fewer rosette leaves, delayed flowering and 
altered leaf morphology, showing flat, round leaves (Fig. 3D). p35S:CEP3 lines 
displayed leaf morphology defects including epinasty, leaf yellowing and reduced 
rosette size (Fig. 3E-F). p35S:CEP4 plants showed a similar phenotype to p35S:CEP3, 
although plants appeared to be larger overall (Fig. 3G). p35S:CEP6 and p35S:CEP9 
plants were not as severely affected, but showed epinasty and yellowing (Fig. 3H-J). 
p35S:CEP9 lines also show reduced rosette size. 
 
Combining the results from plate and pot assays, it appears that those peptides that 
elicit a more severe root phenotype also display a much more severe shoot phenotype. 
The differences in phenotypes seen, taken together with the expression data, indicate 
that each CEP plays a distinct role in root and/or shoot development. This raises the 
possibility that they may interact with different receptors. Conversely, with peptide 
families such as CLE and RGF, redundancy among family members is prevalent and 
over-expression or knock out/down of several different peptide genes tends to give 
the same phenotype (Jun et al., 2010; Fernandez et al., 2012).  
 
A knockout mutant confirms the role of CEPs in plant development in response to 
environmental cues. 
 
The role of CEPs as negative regulators of root development was confirmed by CEP3 T-
DNA insertion knockout lines (Fig. 4A). When grown on standard medium, cep3-1a and 
cep3-1b showed no significant difference in root architecture compared to Col-0 (Fig. 
4B). However, when grown under nitrogen limiting conditions, these lines had 
significantly larger root systems (Fig. S2A). We also observed increased root and shoot 
growth rates when cep3-1a was grown hydroponically (Fig. S2B-D).  
 
To further investigate the role of environmental conditions on cep3-1a growth, several 
abiotic stress, nutrient, light and temperature regimes were assayed (Fig. 4B). The 
largest increase in root system size was found when cep3-1a was grown under 
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increased salt and nitrogen limiting conditions. This coincides well with our finding that 
CEP3 is significantly induced under these two conditions in the roots. cep3-1a root 
systems were also significantly larger than Col-0 when grown in acidic or high salt 
conditions, under increased osmotic strength (mannitol), in the presence of sucrose 
and under decreased or increased irradiance, but not when grown with different day 
lengths. Elevated temperature did not affect the size of the root system significantly 
whereas decreased temperature reduced the lateral root density but not primary root 
length. These data, together with gene expression analysis, suggest CEPs may act as 
intermediates between environmental conditions and root development.  
 
To explore the effect of cep3 knockout on lateral root formation, we examined lateral 
root primordia of plants grown under nitrogen limiting conditions. The total number of 
emerged lateral roots plus lateral root primordia was significantly increased in the 
cep3-1a mutant compared to Col-0 (Fig. 4C). When lateral root stages were audited as 
described (Malamy and Benfey, 1997), we observed no significant difference in the 
number of lateral root primordia at any developmental stage (as a percentage of total 
lateral roots; Fig. 4D). This lateral root phenotype may be the product of increased 
root growth. 
 
CEPs are negative regulators that slow root growth and reduce lateral root formation 
 
It has been previously reported that synthetic peptide application or CEP1 over-
expression arrested primary root growth (Ohyama et al., 2008). Our synthetic peptide 
assays and over-expression results indicated that CEPs decrease both primary root 
length and emerged lateral root density. To determine whether the peptide arrested 
or slowed root growth, we performed a time course over 12 days using CEP3 H (Fig. 
5A-B). We found that the primary roots of plants treated with CEP continued growing, 
albeit it at a significantly slower rate than untreated plants. Ohyama et al. (2008) 
reported that roots treated with CEP1 peptide had a reduced number of meristematic 
cells due to a loss of cell division potential. Our results indicate that CEPs do not arrest 
cell division potential, rather they just slow the process.   
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To investigate the lateral root phenotype further, we examined the number (Fig. 5C) 
and developmental stages (Fig. 5D) of lateral root primordia in CEP3 H treated and 
untreated plants. The total number of emerged lateral roots plus lateral root primordia 
was significantly reduced in CEP treated plants. When lateral root stages were audited 
(Malamy and Benfey, 1997), we observed no significant difference in the number of 
lateral root primordia at any developmental stage (as a percentage of total lateral 
roots). This indicated that once LRs were successfully initiated, CEP was not specifically 
inhibiting LR development at any particular stage. Therefore, the significant reduction 
in total lateral roots induced by CEP suggests that it may be acting to stop LR formation 
prior to the first asymmetric cell division.  
 
We have demonstrated that CEPs are negative regulators of plant development. 
Together, our data indicate that CEPs are able to elicit developmental phenotypes in 
both roots and shoots and are induced in these two tissues under different conditions, 
reflecting plasticity in the plants ability to respond to environmental stress. 
 
CONCLUSIONS 
 
Regulatory peptides are being increasingly recognized for playing key roles in plant 
development. We have extended the analysis of the CEP family of regulatory peptides. 
Our in silico analysis indicates that CEP genes have a distribution restricted to seed 
plants. We report that the expression of eight of the nine CEP tested is perturbed by 
environmental cues such as decreased nitrogen levels, increased salt levels, increased 
osmotic strength and increased CO2 levels. We demonstrate synthetic CEPs can act at 
concentrations ranging from µM to nM. Peptide sequence, particularly the last nine 
residues and modifications to key amino acids are both important for biological activity 
and the extent of activity. Our analyses indicate that CEPs act as negative growth 
regulators for both root and shoot systems. More specifically, CEPs reduce primary 
root length by slowing growth and reduce lateral root density prior to lateral root 
initiation. As recently evolved regulators, CEPs may serve to provide a fine-tuning of 
developmental processes in plants to enable a rapid adjustment to constantly changing 
environmental conditions.  
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SUPPLEMENTARY MATERIAL 
 
Supplementary data are available at JXB online. 
 
Dataset S1.  List of group I CEP genes found in angiosperms. Both the genomic and EST 
databases were included in the searches. Signal peptide (SignalP) prediction was done 
by SignalP 3.0 Server (http://www.cbs.dtu.dk/services/SignalP/). All complete 
sequences (excluding fragments) have signal peptides predicted by both SignalP-NN 
(Neural Networks) and SignalP-HMM (Hidden Markov Model). 
 
Dataset S2.  List of CEP genes found in oneKP dataset.  These are transcripts 
sequenced by next generation sequencing available at http://www.onekp.com/ as part 
of the 1000 plants (oneKP or 1KP) initiative. 
 
Dataset S3.  List of group II CEP genes found in angiosperms. Both the genomic and 
EST databases were included in the searches. Note the CEP naming continues from 
dataset 1. 
 
Dataset S4. List of CEP like genes found in the gymnosperm EST database. 
 
Dataset S5. Relative change in expression levels for CEP3, CEP5 and CEP9 under 
various conditions, mutants and ecotypes. Data obtained from Genevestigator (Hruz et 
al., 2008) filtered for minimum expression change of 1.5 fold and p < 0.05. 
 
Fig. S1. Melt curves from qRT-PCR of cep3 knockout mutants and Col-0. Melt curves for 
cep3-1a and cep3-1b both show non-specific binding for CEP3 primers compared to 
Col-0, indicating a lack of CEP3 transcript in these samples. CEP9 and control 
(At1g13320) melt curves show consistent binding. 
 
Fig. S2. Phenotypes of cep knockout mutants. (A) Primary root length and lateral root 
density of 12-day-old Col-0, cep3-1a and cep3-1b mutants. Plants were grown modified 
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½ MS medium containing 0.25 mM KNO3 as the only source of nitrogen. n ≥ 12 plants. 
Error bars show standard error. * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001 (two-sample t-
test, Genstat).  (B-D) Representative 26-day-old plants (B), 36-day-old plants (C) and 
42-day-old root systems (D) of Col-0 and cep3-1a plants grown hydroponically in 1/4 MS 
medium. Scale bar = 0.9 mm. Arrowhead indicates root tip. 
Fig. S3. Alignment of selected group I CEP domains from plants with  root knot 
nematode CEPs. Amino acid sequences of (A) M. incognita CEP3, Ricinus communis 
CEP3, RcCEP11 and Jatropha curcas CEP1 and (B) Meloidogyne hapla CEP2, MhCEP11 
and Euphorbia esula CEP2 domains, aligned using Geneious.  
 
Fig. S4. Alignments of CEP domains and full length CEP preproproteins. Amino acid 
sequences of selected (A) CEP domains and (B-C) CEP preproproteins were aligned 
using Geneious.  
 
Fig. S5. Phenotypes of 12-day-old Col-0 plants grown on standard medium 
supplemented with 1 µM of the specified peptide. See Fig. 2. for peptide sequences. 
Scale bar = 1 cm. 
 
Fig. S6. Phenotypes of CEP over-expression lines. Plants were grown on standard ½ MS 
medium for 12 days. Scale bar = 1 cm. 
 
Fig. S7. Phenotypes of 5-week-old Col-0 and CEP3 over-expression lines grown in soil.  
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TABLES 
Table 1. CEP genes in Arabidopsis. The CEP genes identified in previous study (Ohyama et al. 2008) are indicated with underscores. CEPs 
identified in our study were aligned with those obtained by Roberts et al. (2013). 
Gene 
name 
Locus AGI Coordinates Signal P 
Score 
Peptide 
domain name 
Peptide domain sequence 
CEP1 At1g47485 17422448 - 17423066 0.84 CEP1 DFRPTNPGNSPGVGH 
CEP2 At1g59835 22025041 - 22025421 0.68 CEP2.1 DFAPTNPGDSPGIRH 
      CEP2.2 EFAPTNPEDSLGIGH 
CEP3 At2g23440 9979405 - 9979819 0.96 CEP3 TFRPTEPGHSPGIGH 
CEP4 At2g35612 14955241 - 14955501 0.83 CEP4 AFRPTHQGPSQGIGH 
CEP5 At5g66815 26677365 - 26677865 0.81 CEP5 DFRPTTPGHSPGIGH 
CEP6 At5g66816 26681495 - 26681800 0.82 CEP6.1 DFGPTSPGNSPGVGH   
        CEP6.2 DFEPTTPGHSPGVGH 
CEP7 Between At5g66816  
and At5g66820 
26683388 - 26683615 0.99 CEP7 AFRPTNPGNSPGIGH 
CEP8 Between At5g66816  
and At5g66820 
26686261 - 26686521 0.97 CEP8 EFRPTTPGNSPGIGH 
CEP9 At3g50610 18779723 - 18780412 0.77 CEP9.1 DFVPTSPGNSPGVGH 
    CEP9.2 DFAPTSPGHSPGVGH 
    CEP9.3 DFAPTSPGNSPGIGH 
    CEP9.4 DFAPTTPGNSPGMGH 
    CEP9.5 DFKPTTPGHSPGVGH 
CEP10 Between At1g36040  
and At1g36050 
13448921 - 13449316 0.90 CEP10.1 DFAPTNPGHNSGIGH 
    CEP10.2 DFAPTNPGHSPGIGH 
       CEP10.3 DFAPTNPGNSPGIRH 
CEP11 Between At2g23440  
and At2g23450 
9986193 - 9986504 0.84 CEP11 AFRSTEPGHSPGVGH 
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Gene 
name 
Locus AGI Coordinates Signal P 
Score 
Peptide 
domain name 
Peptide domain sequence 
CEP12 Exon 1 of At1g31670 11337558 - 11337836 0.94 CEP12 AFRPTGQGPSQGIGH 
CEP13 At1g16950 5796009 - 5796559 0.90 CEP13 IYRRLESVPSPGVGH 
CEP14 At1g29290 10244966 - 10245572 0.57 CEP14 VDRYLRSVPSPGVGH 
CEP15 At2g40530 16927502 - 16928208 0.45 CEP15 IYRRQGDVPSPGIGH 
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Table 2. CEPs are induced by environmental cues. Plants were grown on standard medium for 6 days before being transferred to specified 
treatments. Root and shoot tissue was harvest 24 h after transfer. qRT-PCR was performed using Taqman probes and data was analysed 
using the ΔΔCT method. Expression shown is relative to a control treatment (transfer to standard medium for 24 hours). n.d. indicates no 
reproducible data could be obtained, suggesting genes are not expressed. n.t indicates not tested. Fold change ± standard error is shown. 
*P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001. 
 
Tissue  Treatment CEP1 CEP2 CEP3 CEP4 CEP5 CEP9 CEP13 CEP14 CEP15 
root 
0 mM  nitrogen n.e. n.e. 10.15 ± 0.58*** 1.60 ± 0.23* 2.13 ± 0.21** 1.30 ± 0.14 1.61 ± 0.80 1.04 ± 0.14 1.05 ± 0.08 
0.25 mM nitrate n.e. n.e. 1.31 ± 0.08 1.17 ± 0.12 1.79 ± 0.08*** 1.29 ± 0.35 2.29 ± 0.08 1.09 ± 0.02 0.82 ± 0.06 
0.25 mM NH4Cl n.e. n.e. 1.36 ± 0.03 1.26 ± 0.05* 0.71 ± 0.02*** 0.48 ± 0.02*** 2.31 ± 0.26 1.21 ± 0.03 0.84 ± 0.03 
100 mM mannitol  n.e. n.e. 0.57 ± 0.13 2.35 ± 0.49* 1.08 ± 0.21 0.34 ± 0.03** 2.67 ± 0.66 0.87 ± 0.06 1.25 ± 0.16 
100 mM NaCl n.e. n.e. 2.00 ± 0.13* 1.68 ± 0.17** 1.08 ± 0.08 1.70 ± 0.41 1.00 ± 0.15 1.48 ± 0.29 1.04 ± 0.04 
1000 ppm CO2 n.e. n.e. 0.18 ± 0.03*** 1.02 ± 0.1 1.11 ± 0.13 0.90 ± 0.41 0.58 ± 0.44 1.15 ± 0.04* 1.23 ± 0.06 
shoot 
0 mM  nitrogen 4.40 ± 0.97** 0.46 ± 0.06** 1.16 ± 0.16 0.70 ± 0.09 0.65 ± 0.10 1.39 ± 0.18 0.62 ± 0.01* 0.96 ± 0.07 0.89 ± 0.04 
0.25 mM nitrate 3.72 ± 0.11** 4.94 ± 3.18* 5.89 ± 0.37*** 4.34 ± 4.91 3.62 ± 2.08 n.t. n.t. n.t. n.t. 
0.25 mM NH4Cl 0.80 ± 0.03 0.63 ± 0.08* 1.14 ± 0.11 1.01 ± 0.91 1.7 ± 0.51 n.t. n.t. n.t. n.t. 
100 mM mannitol  4.79 ± 0.56*** 1.28 ± 0.08* 2.49 ± 0.34** 1.86 ± 0.16* 1.83 ± 0.16* 1.50 ± 0.04 1.63 ± 0.23 3.82 ± 0.46** 1.04 ± 0.08 
100 mM NaCl 2.85 ± 0.26** 0.77 ± 0.26 1.75 ± 0.98 1.53 ± 0.93 1.05 ± 0.65 1.75 ± 0.63 0.77 ± 0.41 1.26 ± 0.01 0.85 ± 0.15 
1000 ppm CO2 1.29 ± 0.09 0.94 ± 0.14 1.45 ± 0.12 1.65 ± 0.46 1.04 ± 0.19 1.06 ± 0.06 1.06 ± 0.06 1.06 ± 0.06 1.06 ± 0.06 
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FIGURE LEGENDS 
 
Fig. 1. Distribution of CEP genes found in plant genomes and EST collections. Genomes 
were searched using TBLASTN, with the Arabidopsis CEP domains as query. Parameters 
were adjusted to search for a short input sequence, at JGI (genome.jgi-psf.org/) and 
Phytozome (phytozome.net/). EST collections were searched at JGI and dbEST 
(ncbi.nlm.nih.gov/nucest). no data or insufficient data refers to species for which no 
genome sequence is available, or for which <0.5 × 105 EST sequences are available. The 
tree was adopted from Phytozome (Goodstein et al., 2012). Weblogo plots (Crooks et 
al., 2004) were used to show the 15 amino acid CEP domain conservation.  Weblogos 
for group I and II CEP domains were derived from Datasets S1 and S3, respectively.  
 
Fig. 2. CEP synthetic peptides decrease primary root length and lateral root density. (A) 
CEP peptides used in growth assays. (hyP) indicates hydroxyproline residues. (B) 
Alignment of CEP3, CEP5 and CEP9.1 peptide domains. (C) Primary root length and 
lateral root density of 12-day-old Col-0 plants grown on standard medium 
supplemented with 1 µM of the specified peptide. n ≥ 7 plants. (D) Differential 
biological activity of CEP3, CEP5 and CEP9 peptide variants. The histogram indicates 
the lowest concentration at which a peptide elicited a significant reduction in primary 
root length compared to untreated plants (P < 0.05). Col-0 plants were grown vertically 
for 12 days on standard medium supplemented with peptide concentrations ranging 
from 10-6 M to 10-12 M. n =7 - 16 plants. Error bars show standard error. * P ≤ 0.05; ** 
P ≤ 0.01; *** P ≤ 0.001 (two-sample t-test, Genstat). 
Fig. 3. CEP over-expression (pro35S:CEP) affects root and shoot architecture. (A) 
Primary root length of CEP over-expression lines. Plants were grown on standard ½ MS 
medium for 12 days. n = 9-27 plants. (B) Root and shoot fresh weight of CEP3 or CEP4 
over-expression lines. Plants were grown on standard ½ MS medium for 12 days. n ≥ 
13 plants. (C-J) Phenotypes of 5-week-old Col-0 and CEP over-expression lines grown in 
soil. Scale bar = 1.25 cm. Error bars show standard error. * p ≤0.05; ** p ≤0.01; ***p 
≤0.001 (two-sample t-test, Genstat).  
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Fig. 4. A cep3 knockout mutant has a larger root system under a range of 
environmental conditions. (A) Representation of T-DNA insertion site in cep3 
knockdown line SALK_105856. Amino acid number is shown. (B) Histogram shows 
cep3-1a primary root length and lateral root density as a proportion of Col-0. Plants 
were grown on standard medium modified as indicated. For nitrate treatments, 
modified medium containing the indicated KNO3 levels as the only source of nitrogen 
was used. For the phosphate limitation treatment, modified medium containing 1 µM 
NaH2PO4 as the only source of phosphorus was used. For light and temperature 
treatments, standard medium was used. n ≥ 8 individual plants. (C-D) Total number of 
emerged LRs (ELR) plus lateral root primordia (LRP) (C) and proportion of LRP at each 
stage of development divided by total number of LRs (D). 12-day-old Col-0 and cep3-1a 
plants were grown on modified ½ MS medium containing 0.25 mM KNO3 as the only 
nitrogen source. n = 10. Error bars show standard error. * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 
0.001 (two-sample t-test, Genstat). 
Fig. 5. CEP3 peptide slows primary root growth and affects lateral root formation. (A) 
Effect of CEP3 H on primary root growth over time. Col-0 plants were grown vertically 
on standard medium supplemented with 1 µM of CEP3 H or no peptide and imaged 
every day for 12 days. n ≥ 36 plants. (B) Representative phenotypes of 12-day-old Col-0 
plants treated with no peptide or 1 µM of CEP3 H. Scale bar = 1 cm. (C-D) Total number 
of emerged LRs (ELR) plus lateral root primordia (LRP) (C) and proportion of LRP at 
each stage of development divided by total number of LRs (D). 12-day-old Col-0 plants 
grown on standard MS medium with or without 1 µM of CEP3 H peptide. n = 15. Error 
bars show standard error. * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001 (two-sample t-test, 
Genstat).
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Fig. 1. Distribution of CEP genes found in plant genomes and EST collections. Genomes 
were searched using TBLASTN, with the Arabidopsis CEP domains as query. Parameters 
were adjusted to search for a short input sequence, at JGI (genome.jgi-psf.org/) and 
Phytozome (phytozome.net/). EST collections were searched at JGI and dbEST 
(ncbi.nlm.nih.gov/nucest). no data or insufficient data refers to species for which no 
genome sequence is available, or for which <0.5 × 105 EST sequences are available. The 
tree was adopted from Phytozome (Goodstein et al., 2012). Weblogo plots (Crooks et 
al., 2004) were used to show the 15 amino acid CEP domain conservation.  Weblogos 
for group I and II CEP domains were derived from Datasets S1 and S3, respectively.  
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Fig. 2. CEP synthetic peptides decrease primary root length and lateral root density. (A) 
CEP peptides used in growth assays. (hyP) indicates hydroxyproline residues. (B) 
Alignment of CEP3, CEP5 and CEP9.1 peptide domains. (C) Primary root length and 
lateral root density of 12-day-old Col-0 plants grown on standard medium 
supplemented with 1 µM of the specified peptide. n ≥ 7 plants. (D) Differential 
biological activity of CEP3, CEP5 and CEP9 peptide variants. The histogram indicates 
the lowest concentration at which a peptide elicited a significant reduction in primary 
root length compared to untreated plants (P < 0.05). Col-0 plants were grown vertically 
for 12 days on standard medium supplemented with peptide concentrations ranging 
from 10-6 M to 10-12 M. n =7 - 16 plants. Error bars show standard error. * P ≤ 0.05; ** 
P ≤ 0.01; *** P ≤ 0.001 (two-sample t-test, Genstat).  
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Fig. 3. CEP over-expression (pro35S:CEP) affects root and shoot architecture. (A) 
Primary root length of CEP over-expression lines. Plants were grown on standard ½ MS 
medium for 12 days. n = 9-27 plants. (B) Root and shoot fresh weight of CEP3 or CEP4 
over-expression lines. Plants were grown on standard ½ MS medium for 12 days. n ≥ 
13 plants. (C-J) Phenotypes of 5-week-old Col-0 and CEP over-expression lines grown in 
soil. Scale bar = 1.25 cm. Error bars show standard error. * p ≤0.05; ** p ≤0.01; ***p 
≤0.001 (two-sample t-test, Genstat).  
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Fig. 4. A cep3 knockout mutant has a larger root system under a range of 
environmental conditions. (A) Representation of T-DNA insertion site in cep3 
knockdown line SALK_105856. Amino acid number is shown. (B) Histogram shows 
cep3-1a primary root length and lateral root density as a proportion of Col-0. Plants 
were grown on standard medium modified as indicated. For nitrate treatments, 
modified medium containing the indicated KNO3 levels as the only source of nitrogen 
was used. For the phosphate limitation treatment, modified medium containing 1 µM 
NaH2PO4 as the only source of phosphorus was used. For light and temperature 
treatments, standard medium was used. n ≥ 8 individual plants. (C-D) Total number of 
emerged LRs (ELR) plus lateral root primordia (LRP) (C) and proportion of LRP at each 
stage of development divided by total number of LRs (D). 12-day-old Col-0 and cep3-1a 
plants were grown on modified ½ MS medium containing 0.25 mM KNO3 as the only 
nitrogen source. n = 10. Error bars show standard error. * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 
0.001 (two-sample t-test, Genstat).  
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Fig. 5. CEP3 peptide slows primary root growth and affects lateral root formation. (A) 
Effect of CEP3 H on primary root growth over time. Col-0 plants were grown vertically 
on standard medium supplemented with 1 µM of CEP3 H or no peptide and imaged 
every day for 12 days. n ≥ 36 plants. (B) Representative phenotypes of 12-day-old Col-0 
plants treated with no peptide or 1 µM of CEP3 H. Scale bar = 1 cm. (C-D) Total number 
of emerged LRs (ELR) plus lateral root primordia (LRP) (C) and proportion of LRP at 
each stage of development divided by total number of LRs (D). 12-day-old Col-0 plants 
grown on standard MS medium with or without 1 µM of CEP3 H peptide. n = 15. Error 
bars show standard error. * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001 (two-sample t-test, 
Genstat). 
 
 
